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Abstract 
Abstract 
Complaints regarding environmental odours are common. Such complaints may be 
reported as a nuisance or related to health effects. Odour complaints are difficult to 
manage and resolve. One of the reasons for this is that odours are complex entities and 
difficult to characterise. In addition, there is uncertainty regarding the impact odours can 
have on health. 
The objectives of this research were to create a knowledge-base on the subject of 
odours, to examine the relationship between odours and health effects and to develop 
tools and guidance to improve the assessment and management of odour related 
incidents. 
The research was generated by the investigation of a series of odour incidents where the 
Health Protection Agency has been asked for advice on the health protection impacts of 
odours. In addition, an experimental study investigating exposure patterns in different 
environmental settings was carried out. A model of olfactory response was applied to 
the experimental data in order to gain insights into that process and the potential for 
odour complaints. 
The research has developed improved methods for the determination and estimation of 
population exposure to chemicals involved in, or associated with, odour complaints to 
aid the assessment of health effects. The knowledge leads to new approaches to 
community level hazard assessment for odour and is beneficial for health professionals 
and regulators of environmental odours. 
The results of this project have important implications for the way in which odour 
incidents are managed and with respect to the regulation of odorous emissions. In 
addition to investigating exposure assessment, a toolkit was developed to assist dealing 
with odour related issues. This toolkit improves the public health response to odour 
incidents, helping to ensure that odours pose a minimal risk to public health. 
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Background to the research 
Complaints concerning odour are common and have been reported in association with 
activities such as waste disposal, waste water treatment, and industrial installations. 
Odours can also be early warning indicators of incidents such as spills, leaks and 
accidents or be a sign of the deliberate release of chemicals into the environment. 
Environmental odours can be unpleasant and may cause a reduction in the quality of life 
of those who experience exposure. In some cases, no serious health effects may occur 
because of exposure to odours, whilst in other situations, odours may represent a proxy 
for exposure to a serious hazard to health. The human nose is very sensitive to odorants 
and responds to the presence of odorous chemicals in the air at extremely low 
concentrations, with response times of about a second (Jacob and Wang, 2006). Odour 
thresholds (i.e. levels at which perception occurs) may lie at concentrations that are 
orders of magnitude lower than levels that produce adverse health effects, yet symptoms 
are often reported at these low levels (Schiffman and Williams, 2005, Shusterman, 
1999). Furthermore, humans vary considerably in their sensitivity and objectivity to 
odour, hence introducing a wide range of possible perception scenarios. The health 
protection issues relating to odour complaints and incidents are therefore difficult to 
address. 
Various studies on populations and individuals have demonstrated that exposure to 
environmental odours can result in varying degrees of annoyance or odour nuisance and 
frequently include reports of health effects, such as headaches, nausea and respiratory 
complaints (Shusterman et aI., 1991, Schiffman et aI., 2004). In the most extreme and 
tragic examples, exposure to odorous chemicals can cause human death, with the toxic 
properties causing fatalities rather than the odour itself e.g. the inhalation of the pungent 
smelling toxic chemical methyl isocyanate in the Bhopal tragedy. 
These matters make it difficult to control odour and to define limits for preventing 
annoyance, nuisance and complaints of health effects. Odour is currently controlled 
under the Environmental Permitting Regulations, regulated by the Environment 
Agency, who define benchmark standards for particular types of odour from specific 
industries. Local authorities have licensing and control responsibilities in terms of odour 
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and can also prosecute individuals and companies who cause nuisance odours under the 
Environmental Protection Act 1990. 
The impact of environmental odours depends on the source, atmospheric dispersion and 
the demographics of the exposed population (receptors). Environmental odours are 
often complex entities and are not easily described or characterised. For these reasons 
odour impacts cannot be easily predicted and like many other contaminants in the 
atmosphere they can be hazardous. 
Environmental odorants are often presented to receptors as turbulent plumes, resulting 
in spatial and temporal variability in odour signals in the nose. Odour concentrations 
can fluctuate widely within a plume and individual plumes can be intermittent with 
inherently unpredictable, other than in the mean, dispersion patterns. This has 
implications for the setting of regulatory standards and the interpretation of response 
when receptors are exposed to an odour. 
In the UK, it is the responsibility of the Health Protection Agency (HP A): 
• to identify and respond to threats to health hazards including odour, 
• to advise the public and Government in relation to the protection of health and 
• to support others who also have health protection roles (HP A, 20 11 c). 
In this respect, the Health Protection Agency is frequently required to offer advice and 
assistance to front-line public health practitioners and other stakeholders (i.e. the 
Environment Agency and local authorities), in relation to odour and its effects on 
public health. The advice needs to be timely and comprehensive. 
Identification of knowledge gaps 
In 2006, the Health Protection Agency recognised that requests for public health advice 
about odours were increasing both in terms of numbers and in their complexity 
(personal communication with Prof Virginia Murray). It was acknowledged that the 
escalation in odour-related enquiries was causing difficulties for staff required to 
provide consistent and timely public health advice. Furthermore, it was accepted that 
there are no tools, guidance or knowledge in the public domain concerning odour 
exposure and human health. Therefore, identifying the most appropriate intervention( s) 
to protect health and prevent or reduce harm in odour related incidents is currently 
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challenging. The Health Protection Agency, in fulfilling its stipulated role and 
responsibilities listed above, suggested that these gaps be filled by the sponsorship of 
this Engineering Doctorate (EngD) research project in order to develop specific tools, 
guidance and knowledge for odour incidents. 
Research aims and objectives 
The aims and objectives of this project in relation to the identified gaps are: 
• to generate a knowledge-base regarding odour for use by the HP A and related 
organisations, 
• to develop tools and guidance to aid the risk assessment of the adverse health 
effects from odour, 
• to develop methods for determining and estimating population response to odour 
complaints, which in tum will 
• lead to new approaches to community level hazard assessment for odour and 
• to improve practices within the health profession. 
Benefits of the research 
The benefits of this research allow health professionals to make better informed 
decisions about exposure to odour, manage health complaints associated with odour 
exposure and encourage better regulation of odorous sources. A risk assessment 
methodology is proposed for dealing with odour related incidents as a mechanism to 
deliver a consistent approach across organisations and as a management tool to aid 
decision-making. The recommended risk assessment methodology is based on the 
source-pathway-receptor conceptual model and has been modified to highlight the 
difficulties encountered when dealing with risks from odorants. 
This research primarily assists health professionals in becoming more aware of odour 
impacts and demonstrates how to deal with odour incidents in an improved and 
systematic way. The outputs are equally beneficial for other stakeholders in regulatory 
protection (i.e. the Environment Agency (EA) and local authorities). Moreover, 
industries that may generate odorous emissions, such as sewage treatment works, 
landfill sites and composting facilities, can use the outcomes of this research to enhance 
their knowledge of odours and improve compliance with regulatory standards. 
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The products of this research also provide data for the development and validation of 
atmospheric dispersion models. These models simulate the dispersion of air pollutants 
in the ambient atmosphere and can be used to predict the concentration of air pollutants 
emitted from industrial sources or accidental or deliberate chemical releases. 
Research methods 
Recognising that a range of research methods can contribute to valid evidence, the 
project is divided into three components. Considering a 'hierarchy of evidence' 
approach (Evans, 2003) a literature review was conducted, followed by the investigation 
of case studies and the development of specific research questions which are examined 
by means of experimental work. The following figure illustrates the three pillars of the 
project, their respective components and demonstrates the integrated approach to the 
research objectives. 
Improved understanding and a contribution to 
knowledge by the provision of tools, guidance, case 
studies and a new I data set 
'ODOUR TOOLKIT' EXPERIMENTAL WORK 
• Exposure in open and urban 
environments 
• Exposure patterns 
• Receptor model 
Background knowledge and literature review 
The research methods and activities are discussed in detail below. 
• Knowledge-base 
A detailed eXaInination of the literature concerning the impact of odours on health and 
well-being was conducted. The purpose of the review was to exalnine research 
published in the scientific literature in order to establish what is known in this area and 
to identify where there is a need for improved understanding. The review also 
considered published guidance produced by governlnent organisations, both in the UK 
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and abroad. This review shows that the subject of odours and odour perception is 
extremely complex and poorly defined leading to difficulties describing odours. Often 
descriptions rely on solely on subjective perceptions. Consequently the regulation of 
odours is difficult resulting in various limit values and standards being set around the 
world. Atmospheric dispersion processes are discussed in order to explain how 
pollutants, including odour, are distributed, leading to potential exposure, whilst 
dispersion modelling is examined as a method to estimate exposure. Despite the fact 
that our sense of smell is a fundamental aspect of our biological make-up, the 
mechanisms involved in the entire process of 'smelling' are still not fully understood 
(Gane, 2010) and the direct impact that odours can have on health is still a matter of 
debate. The critical review can be found in Volume 1 Chapters 1 to 9 of this thesis. 
• The 'Odour Toolkit' 
The toolkit comprises of an 'Odour Complaints Checklist, a Frequently Asked 
Questions (FAQs) factsheet and Odour web pages. The checklist is designed to aid 
health professionals in responding to and managing odour related chemical incidents, 
while the factsheet provides background information in a readily available format for 
use during incidents. The 'toolkit' does not have a comparable counterpart outside the 
UK and could potentially act as a leading example for improved practice in other 
countries, especially as some odour incidents have the potential to become long-range, 
trans-boundary issues (Smethurst, et aI., 2012). 
The development of the 'Odour Toolkit' was initiated by utilising the information from 
previously mentioned background studies. The toolkit was further developed via the 
investigation of a series of incidents in which the Health Protection Agency had been 
asked for advice on the health protection impacts of odours. These investigations form 
the basis of the development of the toolkit, its validation and continuous improvement 
throughout the entire project. Experience gained during the case studies, along with the 
literature review of odour and health impacts, revealed that odour incidents are 
particularly difficult to assess in relation to risks to public health and that current 
procedures for managing odour incidents could be considerably improved, by the 
introduction of clear guidance and protocols. The case studies provided real life 
examples of where some operational practises achieved the desired results of protecting 
public health whereas other incidents highlighted where clear lessons could be learnt. 
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The method for developing the toolkit and the discussion of the case studies is examined 
further in Volume 2, Chapter 10, Odour and health protection issues. 
• Experimental work 
The third component of the research involved a series of experiments carried out in the 
University of Surrey's EnFlo wind tunnel laboratory. The experiments improve the 
knowledge base with respect to estimating exposure to odours in different 
environmental settings. Estimating levels of population exposure to air pollutants, 
including from odours, is dependant on knowing or predicting the concentrations from 
different sources and derived from diverse environmental conditions. Pollutants are 
often present as turbulent plumes that exhibit significant levels of concentration 
fluctuations, resulting in concentrations that can be at times substantially greater than 
the mean. Knowing the 'peak' (i.e. extreme concentrations) is critical for assessing 
exposure to toxic pollutants and odour. Short-term extreme concentrations of odour are 
most important for human perception, as response times are of the order of seconds and 
odour threshold levels could be exceeded. Plumes can also exhibit considerable 
variations in intermittency (i.e. periods of little or no odour). This has implications for 
adaptation and the later recovery of the sense of smell. 
The dependence of plume characteristics on the source and flow properties are well 
understood for point source releases (i.e. chimneys and stacks) in 'open' conditions, 
unaffected by surface obstacles. In urban areas, however, the dispersion of a plume is 
affected by the presence of buildings, which results in enhanced lateral dispersion on the 
large scale and turbulence features that lead to a different character of concentration 
fluctuations on the small scale (Yee and Biltofi, 2004). The greatest level of fluctuation 
will be in the region close to the source where the dispersion is dominated by the local 
flow conditions (Hanna et aI., 2003). These features of atmospheric dispersion and the 
associated human response have implications for assessing odour exposure in different 
environmental settings and for the setting of regulatory standards. 
The specific objectives of the experiments were therefore to: 
• use wind tunnel experiments to simulate odour exposure 
• gain knowledge of dispersion in two contrasting settings 
• examine the influence of source height on the resulting concentrations 
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• investigate short-term concentration statistics for potential impacts and 
regulatory purposes 
• evaluate models of response in the population. 
The experiments addressed the turbulent nature of odour plumes in two different 
settings, an open situation (our reference case) and an urban environment. The resulting 
mean and fluctuating odorant concentrations were measured in terms of concentration 
statistics, probability distributions and intermittency. The focus of the statistics was with 
respect to short-term and extreme odour concentrations in the two scenarios. Subsequent 
to the statistical analysis, a model of odour response was applied to the data and is used 
as a means of interpreting the concentration signal in relation to response in the 
population. The detailed methodology for utilising the EnFlo wind tunnel is discussed 
further in Volume 2, Chapter 11, Empirical work. 
Contributions to knowledge 
The contributions to knowledge and how the project outputs are being used by the HP A 
are listed below: 
• The knowledge-base: -
o reflects the current unde~standing of odours, olfaction and human 
perception 
o includes a critical review of the impacts of odour on health and well-
being 
o discusses recent developments in odour regulation 
o examines how atmospheric dispersion modelling can be utilised to 
simulate odour dispersion 
o highlights gaps in the knowledge 
This is a valuable reference document consolidating information and evidence 
appropriate for managing and assessing the health aspects of odour exposure. The 
products of Chapters 2 & 3 of the knowledge-base are used by the Health Protection 
Agency to give advice for acute and chronic incidents in relation to odours. The 
summary of the literature review (Chapter 4) is used for health related written and oral 
enqUIrIes. 
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• The 'Odour Toolkit' for improved assessment and increased understanding 
regarding the relationship between exposure and human health. This toolkit 
includes the: -
o Odour Complaints Checklist, which aids the risk assessment and 
management of odour related chemical incidents. The checklist is used 
on the Health Protection Agency's' 'duty desk' 24/7 in all 5 regions 
and is regularly sent to others dealing with odour incidents. The 
checklist is used to populate data recording systems and can be the 
starting point for health surveillance. The checklist has been published 
on the Health Protection Agency website and is available for use in the 
wider arena of health protection at: 
http://www.hpa.org.uk/webIHPAwebFileIHPAweb C/1256639817998 
o Odour Frequently Asked Questions (F AQ) fact sheet which offers 
information and guidance for Health Protection Agency staff, available 
at: 
http://www.hpa.org.uk/web/HPAwebFileIHPAweb CI1296689283233 
o Odour internet web pages which contain the two items above and 
published case studies where odour has been a public health issue. The 
web pages are available at: 
http://www.hpa.org. uklProductsServices/ChemicalsPoisons/ChemicalR 
iskAssessment/ChemicalIncidentManagement/OdourIncidentsl 
• The experimental work uses wind tunnel experiments to demonstrate dispersion in 
open & urban settings. The empirical data provide an extensive data set for the 
dispersion and hence exposure patterns to odours in the differing environments. 
The data set provides evidence for: -
o conventional Gaussian distributions, with ground reflections and plume 
spreading following standard theories in the open (i.e. unobstructed) 
environment. Concentration fluctuations on the plume centre-line grow 
quickly near the source, then decay. The edges of the plumes are highly 
intermittent with large concentration fluctuation levels relative to the 
mean (i.e. high intensity). The core of the plume, far downwind for the 
elevated releases but throughout for the ground level release, has a low 
level of intermittency (becoming non-intermittent) and only modest 
fluctuation levels of around 50%. 
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o irregular and complex dilution of plume material in the urban 
environment. Leading to strong dilution rates in some street regions 
and less dilution in other areas. A wind direction of 45 degrees was 
chosen to provide strong street network effects (i.e. rapid lateral spread 
and plume displacement through the streets). Ground level and 
elevated emissions plumes once in contact with the buildings spread 
very rapidly, in this case to a 90 degree sector. This dispersion pattern 
does not resemble a Gaussian plume at this stage, although the elevated 
plumes are normal before contacting the buildings. Relatively well 
mixed conditions are present in the street canyons, except at locations 
close to the ground level source when the plume is small relative to the 
street. High concentration fluctuation levels are only observed close to 
the source for ground level emissions or near 'touch down points' from 
elevated emissions, elsewhere in the model, plume material is well 
mixed. Secondary plumes tend to form from plume material being 
exchanged between street canyons and boundary layer above. 
o larger exposure patterns in the urban environment than in the open 
(therefore exposure is more likely) 
o generally larger concentration fluctuations in the open environment 
(triggering response at higher odour thresholds) 
o slower decay of pollutants in the urban environment (prolonged 
exposure is more likely) and 
o extreme concentration values at short-range in both environments 
implying that measuring or predicting mean concentrations (often for 
regulatory purposes) is not an accurate assessment method 
The detailed probability distribution statistics for the two settings are presented and 
subsequently applied to a relatively simple yet realistic mathematical model of response. 
This methodology offers: -
o an approach to interpret a concentration signal in order to predict the 
probability of response in the population 
Using experimental data to 'test' the model suggests that two relationships exist which 
allow an estimation of the mean and fluctuating response, to be made, given the mean 
and fluctuating concentration levels. The model proves to be a valuable and informative 
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tool, facilitating explanations and increased understanding of the mechanisms of human 
olfactory response in complex environmental settings. The experimental work has also 
aided the investigation of specific odour incidents by utilising atmospheric modelling 
techniques see 'An exceptional case of long range odorant transport' (Smethurst, et al; 
2012). 
Conclusions and implications 
The objectives of this EngD were to increase understanding of the impacts odours can 
have on health and to develop tools to aid in assessing the effects and ultimately to 
reduce odour exposure. This has been achieved by the development of a knowledge-
base on the subject, which has supported the development of a practical 'toolkit' to be 
used in incident response. In addition, the project has delivered an improved 
understanding of odour dispersion in open and urban settings and provided a model to 
estimate human response. The model provides information regarding receptor response 
to odour exposure (stimulus) acting as a filter to the stimulus and attenuating the 
response giving an appropriate and timely reaction to the stimulus. 
The review draws attention to the knowledge gaps and directs the research to the 
investigation of odours, human response and the human health outcomes. Suggestions 
regarding how odours might be regulated and how standards can be developed and 
assessed are presented, together with mechanisms for odour incident management. In 
general terms, there is a requirement to review current regulations and standards as 
problems clearly remain leading to odorants being emitted from prescribed processes, 
leading to odour complaints. The research outcomes described in this thesis have 
already contributed to the development of regulator guidance however it is suggested 
that current standards are still not having the desired effect of controlling odours 
therefore further reviews are required. 
Current UK odour benchmark levels are based on research at one particular type of site 
under specific dispersion conditions (e.g. a ground level emission in generally flat 
terrain). The application of the benchmark levels for other sites, falling beyond these 
parameters, clearly has limitations (Environment Agency, 2011). The standards are 
defined as a time period of exposure ( an hour) and an exposure level the extreme 
concentrations (i.e. the 98th percentile - the value exceeded for 2% of the time) based on 
a period of assessment, which is usually a year. This research has clearly demonstrated 
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that this approach needs to be reconsidered to include how odours impact on 
populations. 
The experiments illustrate that: -
o simply time averaging a concentration signal does not represent potential 
response in a population 
o concentration fluctuations are currently being ignored 
o exposure is sensitive to the environmental setting and source release 
height 
o odour response rates differ for a given emission 
o population response patterns are sensitive to human response criteria e.g. 
the intermittency of the concentration signal and extreme values 
The significance of the findings from the review and the development of the toolkit 
provide a means for the Health Protection Agency and others dealing with odour and 
health, to manage odour related incidents in better ways. Improving the way public 
health professionals handle odour issues reduces the burden that these types of 
incidents have upon organisations and importantly reduce the impact from odours. In 
addition, the Odour Complaints Checklist provides a consistent approach to incident 
recording that has the potential to be used for post event management and surveillance 
purposes. 
For public health protection, it is advantageous to study the effects of atmospheric 
odours in terms of epidemiology by investigating the physical and emotional symptoms 
that odorants cause. This can only be ascertained from the investigation of actual case 
studies where odour is suspected of being the cause of the health outcomes. The 
identification of susceptible groups (in terms of occupation, sex and age) within the 
larger population is vital in order to afford health protection for all members of the 
public. The ultimate public health goal would be to use a standard (or standards) for 
odorous emissions that can be applied in order to protect all communities from 
unwanted environmental odours. 
It is accepted that dispersion models are hypothetical models that suffer from a lack of 
validation data. Many dispersion models are based on Gaussian dispersion models and 
do not incorporate concentration fluctuations, which, as highlighted above, are of 
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importance for odour perception. The dispersion model ADMS (Atmospheric 
Dispersion Modelling System) does however have the capability to model fluctuations. 
The data sets produced from the experimental work can be used for subsequent work on 
dispersion model improvement and assessment. It is anticipated that the application of a 
receptor model to actual concentration signals will be of interest to a wide range of 
organisations and companies involved in odour impact assessment and predication. 
New data in this area will help dispersion modellers adjust their codes for urban 
applications by tuning the existing model parameters. 
In conclusion, the experiments showed how exposure is sensitive to the environmental 
setting and the release height, at least for the point sources studied in these experiments. 
Odour response rates would therefore differ for a given emission. In addition, the 
response pattern is sensitive to human response criteria (e.g. because of intermittency 
and extreme values in relation to the mean values in the data). 
This research has provided a unique opportunity to provide operational and practical 
tools and guidance for health professionals and regulators with respect to the risk 
assessment and management of short-term (acute) and long-term (chronic) odour 
incidents. In addition, the research provides insights into the dispersion of odorous 
substances in the environment and contributes to the further development of the 'Odour 
Toolkit' from specific findings described in the experimental work. The ultimate goal is 
to decrease the impact that odours have upon health, hence contributing to the overall 
'sustainable development' agenda. 
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Reader's guide 
This EngD thesis dissertation is composed of 3 volumes. 
• Volume 1: The knowledge-base presents background information and reviews, 
on the subject of odour, potential health effects, odour regulation, and 
atmospheric dispersion. This part of the thesis is divided into 9 chapters, as 
described below. 
Chapter number 
Chapter 1 - Introduction 
This chapter discusses air pollution in the context of odour and briefly discusses 
the consequences of odour pollution and its control. 
Chapter 2 - Odorants and odour 
This chapter presents a review of the subject of odour and odorants making the 
distinction between the two concepts and details odorant characteristics and 
properties. 
Chapter 3 - Olfaction and perception 
This chapter describes how we sense odours by olfaction. The physiology of the 
human olfactory system is described including how stimulation of receptor cells 
generates nerve signals. The chapter includes a brief summary of the theories of 
odour perception, this being an area of uncertainty in the science. The chapter 
also discusses odour sensitivity differences between individuals due to variation 
in the population and odour sensitisation and adaptation. 
Chapter 4 - Odour impacts on health and well-being 
This chapter describes how we respond to odours and focuses on the impacts that 
odour has on human health and well-being. The chapter includes a literature 
review highlighting the studies that have been previously undertaken in the field 
of odour impacts and human health. The chapter highlights knowledge gaps in 
this area. 
Chapter 5 - Risk and odour exposure assessment 
This chapter describes the concept of risk assessment, exposure assessment and 
the source-pathway-receptor conceptual model in relation to odours. 
Chapter 6 - The legislative and regulatory control of odours 
This chapter discusses how odours are regulated in occupational and 
environmental settings and specifically focuses on legislation in the UK. The role 
of health professionals in the regulatoTYprocess is included in this chapter. 
Chapter 7 - Criteria for controlling odours 
This chapter discusses air quality criteria in relation to odour and highlights the 
difficulties that arise in this area. 
Chapter 8 - The atmosphere and atmospheric dispersion 
This chapter explains the processes that take place during atmospheric dispersion 
and highlights the significance of these mechanisms for determining the transport 
and dilution of odours. 
Chapter 9 - Atmospheric dispersion modelling and odour modelling 
This chapter examines atmospheric dispersion modelling, drawing on the 
fundamental concepts discussed in the previous chapter. The chapter examines 
the modelling of odours and highlights gaps in the knowledge. 
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Reader's guide 
• Volume 2: consists of three chapters, which are the key products of the research 
efforts and the subsequent conclusions. 
Chapter 10 - Odour and health protection issues 
This chapter details the development and content of the 'Odour Toolkit' and 
explains where, when and how it can be utilised to protect public health. A series 
of case studies is described which have been studied as part of the EngD project. 
The chapter includes a discussion of the benefits of the toolkit and suggests 
further work. 
Chapter 11- Empirical work 
This chapter takes forward the gaps identified in Volume 1 to justify the 
empirical work and describes the experiments and the subsequent data analysis 
that add to the knowledge base. The chapter includes a discussion regarding the 
experimental findings and suggests further work. 
Chapter 12 - Conclusions 
This chapter draws together the concluding remarks of the thesis and the research 
findings. 
• Volume 3: brings together the sixth monthly progress reports and charts how the 
research was developed over the 4-year period. This volume is provided on CD 
and does not necessarily need to be read in order to obtain a full picture of the 
work carried out. 
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Particulate matter with a diameter less than 2.5 J.1 m 
parts per billion 
parts per million 
parts per trillion 
emission rate from source 
specific humidity 
Temperature 
averaging time 
mean wind speed 
reference wind speed 
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Abbreviations & acronyms 
u 
V 
v 
w 
x 
y 
y 
z 
z 
Chemical compounds 
CH4 
CO 
H2S 
NH3 
PH3 
longitudinal velocity 
volume 
lateral velocity 
vertical velocity 
distance from source, downwind co-ordinate 
lateral spread or co-ordinate 
lateral distance from plume centre line 
height above ground 
vertical distance from the plume centre line 
surface roughness length 
plume height 
standard deviation (plume spread) 
pi 
methane 
carbon monoxide 
hydrogen sulphide 
ammonia 
phosphine 
Definitions 
Definitions 
Acceptability/unacceptability - degree to which a stimulus is judged to be favourable or unfavourable 
Action potential - a brief reversal of membrane charge that moves down a neurone causing an electrical 
impulse to be generated 
Acute - a short-term issue 
Advection - the transfer of a property of the atmosphere, such as heat, cold, or humidity, by the 
horizontal movement of an air mass 
Adiabatic - a process that occurs without the transfer of heat 
Adaptation - adaptation is the phenomena of reduced olfactory sensitivity after prolonged exposure to an 
odour 
Albedo - is the fraction of solar energy reflected from the Earth back into space. It is a measure of the 
reflectivity of the earth's surface 
Anemometer - a device for measuring wind speed 
Annoyance - annoyance has been defined as 'a feeling of displeasure associated with any agent or 
condition believed to affect adversely an individual or group' 
Anosmia - a complete lack of olfactory sensitivity 
Anthropogenic - caused or generated by humans/man-made i.e. industry 
Area source - a surface emitting odour source that can be in the liquid e.g. storage lagoons, effluent 
treatment plant, or solid form e.g. spreading of waste 
Asymptotic - approaching a given value or condition 
Average: time average - the mean value of a continuously observed property (Le. concentration) 
calculated over a specific averaging time 
Average: ensemble average - the mean of a given number of observations generally used for short 
duration emissions where the number refers to the number of repeat emissions under identical or nearly 
identical conditions 
Average: annual- the average over a whole calendar year 
Aversion - a feeling of dislike provoking avoidance of a stimulus 
Best Available Techniques (BAT) - applied to industries to limiting pollutant discharges with regard to 
the abatement strategy 
Best Practicable Means (BPM) - means practicable in terms of the technical and financial implications 
of the activity bearing in mind the local conditions of the operation 
Bio-riiter - a bed of organic material (medium), typically compost and wood chips 
Boundary layer - the lower layer of the atmosphere that is adjacent to the ground surface and directly 
influenced by friction and heat transfer at the surface 
Cartesian grid - a grid system where the elements of the grid are unit squares or unit cubes 
Character - description of what an odour smells-like 
Chemoreceptor - is a sensory receptor that transduces a chemical signal into an action potential 
Chronic - a long-term issue 
Continuous random variable - is a variable whose value results from a measurement on some type of 
random process 
Coriolis force - apparent force, due to the rotation of the Earth 
Convection - is the movement of molecules within fluids (i.e. liquids, gases) 
Cumulative probability distribution (CPF) - describes the probability that a real-valued random 
variable, X, with a given probability distribution will be found at a value less than or equal to x, 
intuitively, it is the 'area so far' function of the probability distribution 
Dynamic Dilution Olfactometry (DDO) - an olfactometer designed to continuously dilute odorous gases 
in order to present known dilution ratios to an assessor through a common presentation mask 
Detection Threshold Values - the odour threshold value is the lowest concentration at which an odorous 
substance is detectable by 50% of a test panel. The concentration is expressed in parts per million (ppm) 
or parts per billion (Ppb) by volume or in milligrams of odorant per cubic metre of air 
Electro-olfactogram - visual display of the electrical potentials of the olfactory epithelium resulting from 
olfactory stimulation 
Ensemble means - an ensemble mean is defmed as the mean over a large number of realizations carried 
out under identical release scenarios 
Epithelium - a type of animal tissue (i.e. olfactory epithelium is found in the nose) 
European Odour Unit (OUE) - the amount of odorant(s) that, elicits a physiological response from a 
panel (detection threshold) 
Exposure - contact with a hazardous material 
Fetch - or fetch length, is a term for the length over which a given wind has blown 
Fluctuation - is the measure of change or variation with time 
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Fluctuation intensity - the amount or degree of fluctuation 
Flux - the rate of flow of a given quantity, such as the buoyancy, momentum and pollutant fluxes from a 
source; the latter is often referred to the source strength 
Fugitive releases - emissions that occur unintentionally i.e. escape from areas of a plant that are not 
designed or designated release points e.g. valves, doors, windows . 
Gaussian - the normal (or Gaussian) distribution is a continuous probability distribution that is often used 
as a first approximation to describe real-valued random variables that tend to cluster around a single mean 
value 
Geostrophic wind - theoretical wind which results from the equilibrium between horizontal components 
of the pressure gradient force and the Coriolis force above the friction layer, a geostrophic wind flows 
parallel to the isobars. 
Guideline - is defmed as any kind of recommendation or guidance on the protection of human beings or 
receptors in the environment from adverse effects of air pollutants. A guideline is not restricted to a 
numerical value but might also be expressed in a different way, for example as exposure-response 
information or as a unit risk estimate. 
Guideline value - a guideline value has a numerical value expressed either as a concentration in ambient 
air or as a deposition level, which is linked to an averaging time. In the case of human health, the 
guideline value provides a concentration below which no adverse effects or (in the case of odorous 
compounds), no nuisance or indirect health significance are expected, although it does not guarantee the 
absolute exclusion of effects at concentrations below the given value 
Harm - 'Harm' for this purpose means harm to the health of living organisms or other interference with 
ecological systems of which they are part and in the case of man includes offence to any senses or harm 
to property (Section 29 in EP A90) 
Health Protection Agency - an independent body that protects the health and well-being of the UK 
population 
Hedonic tone - a scale on which liking or disliking of a stimulus is expressed 
Ideal gas - an ideal gas is a theoretical gas composed of a set of randomly-moving, non-interacting point 
particles. The ideal gas concept is useful because it obeys the ideal gas law, a simplified equation of state, 
and is amenable to analysis under statistical mechanics. At normal conditions such as standard 
temperature and pressure, most real gases behave qualitatively like an ideal gas 
Insolation - is a measure of solar radiation energy received on a given surface area in a given time 
Intensity (odour) - the perceived magnitude of the odour stimulus 
Intermittency - a flow regime characterized by chaotic and stochastic property changes 
Irritation - a state of inflammation 
Kinetics - the study of motion and its causes 
Kinematics - is a branch of classical mechanics that describes the motion of bodies (objects) and systems 
(groups of objects) without consideration of the forces that cause the motion 
Landfills - sites for the disposal of waste materials 
Leachate - is any liquid that, in passing through matter, extracts solutes, suspended solids or any other 
component of the material through which it has passed 
Malodour - a term often used to describe a 'bad' odour 
Mean - the arithmetic average of a set of values, or distribution 
Median - the median is described as the numerical value in the middle of a set of data 
Miasma - 'bad air' 
Nuisance - (see Statutory nuisance) 
Odorant - a substance that stimulates the olfactory receptors (i.e. a chemical gas) 
Odour - organoleptic attribute perceptible by the olfactory organ on sniffmg certain volatile substances 
Odour threshold value - is the lowest concentration of an odour that is perceivable by the human sense 
of smell 
Odour Unit - one odour unit is the amount of odorant(s) present in one cubic meter of odorous gas (under 
standard conditions) at the panel threshold, (see 'European Odour Unit') 
Olfaction - sense of smell 
Olfactometry - measurement of the response of assessors to olfactory stimuli 
Particulate matter - are tiny particles of solid matter 
Passive dispersion - dispersion of plumes which are neither lighter nor heavier than air 
Perceive - attaining awareness or understanding of the environment by organizing and interpreting 
sensory information 
Percentiles - in statistics, a percentile is the value of a variable below which a certain percent of 
observations falL For example, the 98th percentile is the value (score) below which 98 percent of the 
observations maybe found 
Perception - the process of attaining awareness or understanding of the environment by organizing and 
interpreting sensory information 
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Perireceptor events - biochemical interactions taking place between odorants in order to cross the nasal 
mucus are called perireceptor events 
Pheromone - is a secreted or excreted chemical factor that triggers a social response in members of the 
same species 
Photo Ionization Detector (PID) - the Photo Ionization Detector (PID) is a portable vapor and gas 
detector that detects a variety of organic compounds 
Probability Density Function (PDF) - the PDF of a continuous random variable is a function which can 
be integrated to obtain the probability that the random variable takes a value in a given interval 
Psychophysics - psychophysics is a discipline within psychology that quantitatively investigates the 
relationship between physical stimuli and the sensations and perceptions they affect 
Pollution of the environment - includes pollution of the environment due to the release or escape into 
any environmental medium from land where controlled waste is treated, kept or deposited of substances 
or articles constituting or resulting from the waste (and capable by reason of the quantity or concentration 
involved) of causing harm to man or any other living organisms supported by the environment 
Recognition Threshold Values - the recognition threshold value is defined as the lowest concentration at 
which the odour quality (description), of the compound can be described (by 50% of a panel) 
Regulation - is administrative legislation that constitutes or constrains rights and allocates responsibilities 
Regression - a statistical technique for estimating the relationships among variables 
Remediation - deals with the removal of pollution or contaminants from environmental media such as 
soil, groundwater, sediment, or surface water for the general protection of human health and the 
environment 
Rendering - refers to the processing of animal byproducts into products such as glue, candles and pet food 
Rotors - a rotating part of a mechanical device 
Sensitivity - the ability to react to a stimulus 
Short-range (dispersion) - short-range refers to distances of up to around 10 kilometres 
Skewness - in probability theory and statistics, skewness is the measure of the asymmetry of the 
probability of a real valued random variable. The value of the skewness can be positive or negative, or 
zero indicating that the values are relatively evenly distributed on both sides of the mean. 
Sniff tests - the objective testing of air for the presence or absence of odorants 
Somatic - the term somatic means 'of the body'. It is often used to refer to the cells of the body in contrast 
to the cells in the germ line which give rise to the gametes (eggs or sperm). 
Standard - a standard is considered to be the level of an air pollutant, such as a concentration or a 
deposition level that is adopted by a regulatory authority as enforceable. Unlike the case of a guideline 
value, a number of elements in addition to the effect-based level and the averaging time have to be 
specified in the formulation of a standard. These elements include: the measurement strategy, the data 
handling procedures and the statistics used to derive the value to be compared with the standard 
Standard deviation - is a measurement of variability or diversity used in statistics, showing how much 
variation there is from the mean. A low standard deviation indicates that the data points tend to be close 
to the mean, whereas a high standard deviation indicates that the data are spread out over a range of 
values 
Statutory nuisance - under Section 79(1)( d) Part III of the Environmental Protection Act 1990, relating 
to, amongst other things, odour arising from industrial or commercial premises, which is prejudicial to 
health or a nuisance. A statutory nuisance is defmed as, 
"any dust, steam, smell or other effluvia arising on industrial, trade or business premises and being 
prejudicial to health or a nuisance" 
Stochastic - refers to systems whose behaviour is intrinsically non-deterministic 
Sub-threshold - pertaining to a stimulus below the specified threshold 
Supra-threshold - pertaining to a stimulus above the specified threshold 
Tannery - a place where animal skins are processed 
Thermocouple - a thermocouple is a junction between two different metals that produces a voltage 
related to a temperature difference. 
Thermistors - a thermistor is a type of resistor whose resistance varies significantly (more than in 
standard resistors) with temperature 
Toxic - the potential to cause harm 
Trans-boundary - crossing political or country boundaries 
Transduction - transduction is the process of odorant binding at olfactory receptors culminating in the 
generation of an action potential 
Threshold - the level that must be reached for an effect to be produced 
Variance - in probability theory and statistics, the variance is used as a measure of how far a set of 
numbers is spread out from each other 
Venturi effect - the venturi effect is the reduction in fluid pressure that results when a fluid flows through 
a constricted section of pipe. The venturi effect can also occur when air is forced through a constricted 
area (i.e. in between buildings) 
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CHAPTER 1 
1. INTRODUCTION 
1.1 BACKGROUND 
Clean air is regarded as a basic requirement to maintain human health and well-being. 
Despite this, the presence of pollutants in the air continues to pose a significant risk to 
human health. The World Health Organisation (WHO) has estimated that air pollution is 
responsible for causing approximately 2 million premature mortalities per year (World 
health report, 2002). The short-term (acute) effects of poor air quality can lead to 
respiratory problems and long-term ( chronic) exposure has the potential to result in 
permanent reduction in lung function. Air pollution has been linked with aggravating 
asthma, chronic bronchitis, heart disease and cancer (NAO, 2009). 
In the developed world, air pollution primarily originates from man-made sources such 
as those associated with industrial processes, energy production, agriculture and 
transport. These activities need to be strictly controlled in order to reduce atmospheric 
pollution and consequently decrease the potential impact on human health. Involvement 
by the World Health Organisation, by setting air quality guidelines (AQGs), that are 
intended to reduce the health impacts of air pollution, has given countries the support to 
achieve air quality that safeguards public health. However, despite regulatory 
interventions, pollutants continue to cause adverse impacts on human health, even 
though at relatively low concentrations (Parliamentary Office of Science and 
Technology, 2002). There is also evidence that air pollution can diminish quality of life 
as well as present direct health outcomes (Wing, 2000). 
Air quality in the United Kingdom (UK) is currently better than at any time since before 
the industrial revolution. Improvements are becoming increasingly more costly to 
accomplish and the rate of improvement is levelling-off Atmospheric pollution is, 
however, estimated still to reduce the life expectancy of every person in the UK by an 
average of 6 months, with projected associated costs to health of up to £19 billion per 
annum (EEA, 2011). Air quality is addressed by the UK Government, and the devolved 
administrations in, Wales, Scotland and Northern Ireland, through the Air Quality 
Strategy (AQS). These organisations have the responsibly for policy and legislative 
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concerns affecting the environment, including air quality. It was deemed appropriate to 
bring together an AQS in a single document with common aims for all areas of the UK 
(Defra, 2007) because air pollutants transcend country borders (i.e. the matter is 'trans-
boundary' in nature). The primary objective of the AQS is to ensure that the general 
public have access to outdoor air, which does not pose a significant risk to their health, 
and that this is achievable in economic and technical terms. The strategy is founded on 
'standards' recommended by experts and set at levels at which no significant health 
effects would be anticipated in the population as a whole. The AQS sets targets for eight 
air pollutants of concern (POC); benzene, particulate matter less than 10 microns in 
diameter (PMlO), 1, 3-butadiene, carbon monoxide (CO), lead, nitrogen dioxide (N02), 
ozone and sulphur dioxide (S02) where there is moderately consistent evidence of a 
causal link between health problems and air pollution by these contaminants 
(Parliamentary Office of Science and Technology, 2002). Table 1.1 gives an overview 
of the health effects of some key air pollutants. 
Table 1.1 Health effects of some key air pollutants. Source (Parliamentary Office of Science 
and Technology, 2002) 
Health effects of air pollutants 
Mostly elderly and young people and those with respiratory 
diseases such as asthma or bronchitis are affected. 
• SO~ - coughing, tightening of chest, irritation of lungs 
• NO;: - irritation and inflammation of lungs 
• PM10 - inflammation of lungs, worsening of symptoms of 
people with heart and rung conditions, linkage of long-
term exposure to coronary heart disease and lung cancer 
• CO - prevention of normal transport of oxygen by blood, 
resulting in the reduction of oxygen supp!y to the heart 
• ozone - pain on deep breathing, coughing, irritation and 
inflammation of lungs 
• benzene - cause of cancer 
• 1,3-butadiene - cause of cancer 
• polycyclic aromatic hydrocarlxJns (PAHs) - toxicity and 
cause of cancer 
• lead - linkage of exposure to impaired mental function 
and neurological damage in children 
There are two key concepts in the AQS, 'standards' and 'objectives'. The strategy sets 
objectives in order to shift air quality as close as possible to the standards. The 
Environment Act 1995 defines these terms as "standards relating to the quality of air", 
and "objectives for the restriction of the levels at which particular substances are 
present in the air" (Environment Act, 1995 page 105). 
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Determination of the appropriate level for the objectives for the UK is based on the 
WHO air quality guidelines and the advice of the Expert Panel on Air Quality Standards 
(EPAQS) and the Committee on the Medical Effects of Air Pollutants (COMEAP). 
Consideration is also given to social and economic implications when setting objectives, 
thereby embracing the concept of sustainable development. The Environment Act 1995 
stipulates that the Environment Agency (EA) and the Scottish Environment Protection 
Agency (SEP A) must consider the AQS when carrying out their pollution control 
functions, chiefly under the Environmental Protection Act 1990, the Pollution 
Prevention and Control Regulations 2000 (PPC) and the Pollution Prevention and 
Control (Scotland) Regulations 2000. Comparable legislation is present in Northern 
Ireland under the Environment (Northern Ireland) Order 2002 and the Pollution 
Prevention and Control Regulations (Northern Ireland) 2003. Local authorities also 
must work towards the Strategy's objectives. 
1.2 RESEARCH CONTEXT 
Substances released into the environment, including chemicals (such as those listed in 
Table 1.1), particulate matter, biological materials and radiation can result in pollution! 
of the atmosphere. In order to protect populations from the potentially adverse effects of 
air pollution, all types of substances should be considered and, where appropriate, 
controlled, not only the pollutants with established health effects. 
One type of air pollutant that is not specifically mentioned in the Air Quality Strategy 
but which is required to be regulated and controlled is 'odour'. Odours form a sub-set of 
total air pollution and are considered as pollutants in their own right under the definition 
in the Environmental Protection Act 1990. Odours may be released in significant 
quantities from activities such as agriculture, waste treatment and industrial activities. 
Odorants present in the atmosphere are a pollutant of concern because of the adverse 
effects that odorous emissions can have on humans. 
In the UK, legislative controls on releases to air from industry have been critical, 
improving the quality of air locally, regionally and nationally (Defra, 2007). Large 
1 "Pollution of the environment" means pollution of the environment due to the release (into any 
environmental medium) from any process of substances which are capable of causing harm to man or any 
other living organisms supported by the environment ENVIRONMENTAL PROTECTION ACT (1990). 
HMSO, London, UK. 
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industrial installations, which number approximately 4,500 in the UK, are subject to 
pollution prevention and control (PPC), which require emission limit values (EL V s) to 
be set for all likely 'significant releases' on the basis of best available techniques 
(BAT). This approach is also used in regulating air emissions for approximately 20,000 
smaller and less polluting industrial installations. 
1.3 HEALTH PROTECTION ISSUES RELATED TO ODOUR 
The health protection issues associated with 'odorants' (the chemicals in the atmosphere 
that convey the 'odour' and which humans perceive by the physiological sense of 
olfaction) are complex. Odours may result in an assortment of unwanted outcomes in 
people, initiating annoyance, nuisance and reports of health effects. Populations 
exposed to odorous emissions often do not enjoy a feeling of complete mental, social, or 
physical well-being, as defined by the WHO defmition of health2, despite the fact that 
there may be no obvious diseases or ill-health. Furthermore, chronic, (i.e. long-lasting 
exposure to odours) can result in adverse responses ranging from emotional stresses 
(such as anxiety, discomfort, headaches, or depression) to physical symptoms (such as 
irritation of the nose and eyes, headaches, respiratory problems, nausea, or vomiting) 
(National Research Council Committee on Odors, 1979). Exposure to odours has also 
been reported as causing psychological stress and symptoms such as loss of appetite and 
insomnia (Gostelow et aI., 2001). Concentrations of odorants at levels below the 
'threshold', may possibly elicit acute, that is short-term symptoms via 'non-
toxicological, odour-related mechanisms'. These mechanisms may possibly include 
'innate odour aversions, exacerbation of underlying health conditions, odour-related 
aversive conditioning, stress-induced illness, and mass psychogenic illness' 
(Shusterman, 1992b). A literature review of the effects of odorants on human health can 
be found in Chapter 4 Odour impact on health and well-being. 
Odours are classed as the chief generators of complaints from the public that are lodged 
with regulatory agencies in North America and Europe (Leonardos, 1995). Complaints 
2 The WHO definition of health is stated as being; 
"a state of complete physical, mental and social well-being and not merely the absence of disease or 
infirmity" WHO (1946) Preamble to the Constitution of the World Health Organization as adopted by the 
International Health Conference, New York, 19-22 June, 1946; signed on 22 July 1946 by the 
representatives of61 States (Official Records of the World Health Organization, no. 2, p. 100) and 
entered into force on 7 April 1948. International Health Conference. New York. 
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associated with a wide range of industries and activities, including the manufacture of 
chemicals, rendering plants, agriculture, sewage treatment works, food processing, oil 
and petroleum refining, pulp mills and landfill sites. It has been argued that the increase 
in complaint numbers has come about due to the growing number of communities that 
are exposed due to construction of new or extended facilities that discharge odorous 
emissions and as a result of encroachment of emergent populations around existing 
facilities (Gostelow et aI., 2001). Reports suggest that between 13% and 20% of the 
population in a number of European countries is troubled by odours in the atmosphere 
(Hudon et aI, 2000). 
In the UK, the Health Protection Agency (HP A) is frequently asked to offer advice to 
members of the public, other health professionals and the Environment Agency, 
regarding health protection issues related to odours from chemical incidents and odours 
emitted from industrial processes. Dealing with odour reports is often complex and time 
consuming, due to the variety of adverse effects reported. Table 1.2 provides an 
indication of the number of odour/smell related calls that the HP A received on an 
annual basis for the years 2006-2010. Whilst the incident numbers are relatively small 
compared to non-odour incidents, the resource implications can be large, especially if 
there is long and protracted incident resolution. In some cases no serious health effects 
occur as a result of exposure, whilst in other situations odours could be a proxy for 
exposure to a serious hazard to health. 
Table 1.2 Numbers of odour related incidents from the HP A incident database 
I 
I 2006 
I 2007 
I 2008 
I 2009 
I 2010 
I Totals 
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No. of incidents on 
database 
898 I 
877 I 
877 I 
911 I 
926 I 
4489 I 
No. of incidents on Percentage of 
database where incidents 
odour/smell was a 
descriptor 
36 4% 
44 5% 
24 2.7% 
55 6% 
41 4.4% 
200 4.5% 
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1.4 RISK ASSESSMENT 
When the Health Protection Agency is alerted to chemical incidents it is common 
practice to carry out a risk assessment in order to evaluate the potential harm to the 
public. From a public health perspective, risk assessment is the method of quantifying 
the likelihood of harmful effects occurring to populations or individuals from human 
activities. It is the odorants that are considered to be the hazard in situations where 
odour is suspected or mentioned in a chemical incident. The risk assessment process 
offers a framework for a tiered approach to environmental risk assessment and 
management that can be applied when odours are involved. This process necessitates 
the gathering of information and takes place in a number of steps requiring inputs from 
different scientific disciplines in order to determine risks. Risk assessment is the 
determination of the quantitative or qualitative evaluation of risk associated with a 
situation and the identification of a hazard or hazards. The combination of the 
probability of the occurrence and the magnitude of the consequences of the occurrence 
equates to the risk (Defra et aI., 2000). 
The framework and the principal elements of risk assessment are described in more 
detail and in relation to the risk assessment of odours in Chapter 5, Risk and odour 
exposure assessment. 
1.5 ODOUR POLLUTION IN THE PAST 
Over the last 150 years, since the 'Great Stink' of London in 1858, the subject of odour 
has risen to prominence as one that can generate much indignation amongst those 
exposed. Indeed, Members of Parliament were subjected to terrible odours from the 
Thames as they sat in the Houses of Parliament. Doctors at the time claimed that the 
'bad' odours, the 'miasmas', helped spread or even caused diseases such as the plague 
and cholera. The 'miasma' theory is founded on the opinions of Hippocrates (460-377 
Be), who alleged a relationship between the incidences of poor health and places 
'where the air is dank and foul'. The idea of miasma initiated the theory that diseases 
may be initiated due to the inhalation of vapours emitted by decaying animal and 
vegetable matter, which did much to promote public opinion of odours as potential 
indicators of ill health (Franco and Williams, 2000). The cholera epidemics, the 'Great 
Stink' and the 'miasmas' combined to create a death rate in Britain's cities higher than at 
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any time since the Black Death in the 14th Century. The cause of the Great Stink was 
ultimately found to be the result of sewage in the River Thames and city streets, as 
overflowing cesspits drained into inadequate surface water sewers (Smethurst, 2009, 
Thames Water, 2008). One could argue that the 'miasmatists' helped to advance health 
care and living conditions in the UK by stating that 'all smell is disease,' thereby 
appealing to people (including governments) to tackle malodour sources and thus 
inadvertently improving sanitation by the construction of a modem sewerage system. 
The miasma hypothesis has now been discarded by scientists and it has been 
acknowledged that bacteria were directly to blame for causing certain diseases, with 
odours being formed as by-products. The belief that odours can negatively influence 
health still resonates today (Bulsing et aI., 2009). Drinking contaminated water was, in 
due course, found to be the cause of the cholera epidemics and not the smells that acted 
as a marker for the onset of the disease. 
In the last 50 years, the subject of air pollution and human health has grown rapidly to 
become a specialised area of research. Notwithstanding these advances, many 
uncertainties remain around individual and population exposures, especially in relation 
to odours and health outcomes. 
1.6 ODOUR POLLUTION TODAY 
Odorant chemicals are generated by natural sources and as a result of human activities. 
Natural sources include essences from plants and flowers, emissions from volcanoes, 
decaying vegetable matter and natural gas. Man-made odours include those produced by 
sewage treatment facilities, industrial plants, food processing and agriculture. 
Accidental emissions involving liquid or gaseous substances, such as from road haulage 
accidents, chemical leaks and spills from factories and storage tanks often have odours 
associated with them. Human populations are continually exposed to these and other 
odorants that are ever-present in the air, whether indoors and outdoors. Unless we hold 
our noses or are unable to use our sense of smell for a particular medical reason, we are 
therefore continually experiencing odours, whether we wish to or not and, more 
importantly, and whether as individuals we 'like' or 'dislike' the resulting odour 
perceived. 
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Our sense of smell, or 'olfaction', is a. very useful mechanism by which we are 
constantly sampling our environment and assessing its quality. Odours are perceived by 
our brains in response to odorant chemicals present in the air we breathe. Unpleasant or 
bad odours, often called 'malodours' can act as warning signals cautioning us to avoid 
the source of the odour. For example the smell of rotten food is an indication that it may 
cause us to feel ill if eaten. 
1.7 THE IMPACT OF ODOURS 
Individual sensitivity to odorants is highly variable in populations and perceptions are 
unpredictable, with some people being able to detect an odour where others cannot 
(Laing, 1982). The responses of individuals to odour are also very personal as they are 
dependant on many factors, including previous exposure and knowledge about the 
odorant source (Dalton, 1996). 
Odours can have positive or negative effects on our daily lives. Positive effects can 
result in upbeat emotional responses and a feeling of increased well-being. Individuals 
experiencing unfavourable effects however often feel unwell and register complaints, 
and object to the imposition that the odour exposure has caused. Reported adverse 
effects from exposure, cover a wide spectrum of symptoms. Odours can be considered 
'offensive' or 'obnoxious', leading to annoyance, nuisance, or actual health symptoms. 
It has also been reported that prolonged exposure to odours can lead to emotional stress, 
depression, headaches, sensory irritations, nausea and respiratory problems (National 
Research Council Committee on Odors, 1979). 
Examples of 'environmental odours', which are odours, found outdoors, resulting in 
negative outcomes, such as those listed above, are many and originate from numerous 
countries. It has been estimated that greater than 50% of complaints about air pollution 
in the United States were related to odour exposure (National Research Council 
Committee on Odors, 1979). In the United Kingdom, according to information from the 
Chartered Institute of Environmental Health (CIEH), there are estimated to be a total 
between 12,000 and 30,000 complaints of odour received by local authorities per annum 
(cited in (Defra, 2004)). A more accurate total cannot be obtained because of 
incomplete reporting to CIEH and the unpredictable pattern of complaints (e.g. a single 
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incident may generate one complaint or hundreds of complaints). It has been estimated 
that in the region of 13% to 20% of the population in a number of European countries is 
troubled by the presence of odours in the environment (Hudon et aI, 2000). 
1.8 REGULATORY INTERVENTIONS 
The impacts reported in the previous section show that problems from odour happen 
with sufficient frequency and severity to merit regulatory intervention. Regulatory 
agencies and industries are therefore often expected to tackle community odour 
problems. Health outcomes associated with odour complaints are typically subjective 
and odours are consequently treated as a nuisance rather than a health problem 
(Shusterman, 1992b). Furthermore, odour sources frequently elude successful 
abatement because of the often temporary nature of exposure (Shusterman, 1992b). 
Thus, there is a need to mitigate or even prevent the occurrence of odour problems that 
can threaten the health and well-being of communities and can prejudice the normal use 
of property. It is important that industries and other operations that have a tendency to 
emit odours are required to meet appropriate regulatory constraints in order to safeguard 
the well-being of populations and individuals. Regulatory developments include the 
control of environmental odour emissions (i.e. a decrease at source) and the setting of 
air quality standards for odour (hence reducing the exposure). 
The scope to control odorous emissions from regulated industries extends from the 
proposal stage of a development, through to its permission and operation. The 
regulatory control should include emission monitoring throughout its operation and 
ought to also include the investigation and enforcement of odour complaints when they 
occur. Legislation controlling odour and odorous emissions in the UK includes: the 
Town and Country Planning Act 1990 and the Environmental Protection Act 1990. The 
regulators designated with the responsibilities to enforce the legislation are the 
Environment Agency (EA) in England and Wales, the Scottish Environment Protection 
Agency (SEPA) in Scotland, the Northern Ireland Environment Agency in Northern 
Ireland and Local Authorities (LAs). 
1.8.1 The planning process and odour regulation 
During the 19th century, legislation of non-sewage related odorous activities was only 
really concerned with locating 'smelly' occupations away from towns and cities, in 
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order to try to reduce the impact of odour on communities (Van Herreveld, 2003). Local 
planners were given the responsibility to limit would-be odour nuisance by attempting 
to put some physical distance between the source of an odour and neighbouring 
potential receptors. Odour impacts were therefore only considered under the nuisance 
provisions of common law consequently local planners carried out early risk-based 
assessments in relation to odours. 
The public today is much less tolerant of the impact that odours can have on their local 
environment. The European Court of Human Rights challenged privacy and protection 
from unwanted odours in the legal sense in 1994. The courts recognised the failure of a 
local authority to protect the residential privacy of Mrs Lopez Ostra from intruding 
odours as an infraction of her human rights in a private residence (European Court of 
Human Rights, 1994). The court considered that the Spanish government had failed to 
protect the citizen and her rights under Article 8 of the Convention of Rome, 1950. The 
applicant and her daughter claimed that they had experienced serious health issues from 
the odours of a waste treatment plant associated with a tannery that operated next to the 
apartment complex where they lived. The tannery opened without licence and without 
following the procedure for gaining such a licence. The plant then malfunctioned, 
emitting gas fumes and contamination that immediately caused health problems and 
nuisance to the local community. The town council evacuated the local community and 
relocated them at no cost elsewhere in the town during the summer. In spite of this, the 
town council officers allowed the tannery to continue operation, albeit partially. A few 
months later the applicant and her family returned to their home where the problems 
continued. The European Human Rights Court noted that severe environmental 
pollution may affect an individual's well-being and prevent them from taking 
enjoyment from their private and family life, without, however, seriously causing a 
hazard to their health. The Court found that the determination of whether this 
contravention had occurred should be tested by weighing up the balance between the 
interest of the town's economic well-being and the applicant's effective enjoyment of 
her right of respect for her and her private and family life. In making this decision, the 
Court applied its margin of appreciation doctrine, giving the state discretion in applying 
appropriate balances, although concluding in this case that the margin of appreciation 
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had been exceeded. The courts granted an award of 4,000,000 pesetas to Mrs. Lopez, 
plus costs and attorney fees. 
1.8.2 Pollution control and odour regulation 
With the onset of industrialisation and urbanisation in Europe it became clear that more 
formal and stringent odour controlling regulations needed to be introduced (Van 
Herreveld, 2003). Experience and evidence from many years of industrial regulation in 
the UK and throughout the world has demonstrated that odours need to be taken more 
seriously and be included in the list of contaminants specified under environmental law 
and therefore controlled (Nicell, 2009). The legal definition of pollution3 in the UK 
means that odour is classified as a pollutant. The thrust of pollution control is therefore 
specified and in place to prevent 'pollution of the environment' and 'harm' to human 
health4• Chapter 6 of this thesis, The legislative and regulatory control of odours, 
discusses pollution control and odour regulation in more detail. 
Odour incidents figure highly in the regulatory responsibility of the Environment 
Agency, as the data in Table 1.3 for the years 2005 to 2008 make clear. There is a 
requirement to address this continuing issue. 
Table 1.3 Numbers of odour related incidents from the Environment Agency's National Incident 
Recording System (NIRS) incident database. 
I Number of odour Number of odour Total number of incidents from waste incidents from other odour incidents per management sites sector sites (not waste annum management) 
I 2005 I 1096 I 3101 I 4197 
I 2006 I 1043 I 3049 I 4092 
I 2007 I 1103 I 3110 I 4213 
I 2008 I 1196 I 3204 I 4400 
I Totals I 4438 I 12464 I 16902 
3 'pollution of the environment' includes pollution ... due to the release or escape into any environmental 
medium from land ... (and capable by reason of the quantity or concentration involved) of causing harm 
to man or any other living organisms supported by the environment ENVIRONMENTAL PROTECTION 
ACT (1990). HMSO, London, UK. Section 29. . 
4 'Harm' for this purpose means harm to the health of living organisms ... and in the case of man includes 
offence to any senses or harm to property Ibid. Section 29. 
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1.9 AIR QUALITY CRITERIA FOR ODOURS 
Many of the regulations concerning air pollution stipulate that air quality criteria are set 
for substances entering the atmosphere. Such criteria have been introduced for odour in 
many countries, including the UK, the Netherlands, Germany, the United States and 
Australia. All air quality standards have their origins in the risk assessment techniques 
described earlier and are designed to protect human health. Odour standards are often 
designed to safeguard the public from any recognised or anticipated adverse effects of 
odour. Therefore criteria are set for the frequency and intensity of any occurrence of 
odour perceived by a receptor, or for the modelled concentration that is associated with 
levels of annoyance in the local population. Air quality criteria for odours will be 
discussed further in Chapter 7, Criteria for controlling odours. 
1.10 SUMMARY 
Although significant work has been carried out in various areas of pollution control and 
regulation, people are still being exposed to environmental odours. Assessing the impact 
that odour has on health has proved to be difficult as the problems of human olfaction 
have turned out to be far more complex than expected. Odours have been reported at far 
distances from source than dispersion models predicted and people have exhibited 
odour preferences and annoyance reactions that could not be reconciled with the 
chemical constituents of the odour. 
It is the purpose of this thesis to bring together in one volume some of the recent 
approaches to the study of human olfactory response and both sensory and 
physiological aspects of this sense are presented. Other topics detailed in this thesis 
include, risk and odour exposure, atmospheric dispersion and odour modelling. 
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CHAPTER 2 
2. ODORANTS AND ODOUR 
2.1 INTRODUCTION 
We live in a world containing many thousands of odours; the actual number is 
debatable, however, the figure of between 10,000 and 30,000 is often quoted, seemingly 
to have been passed down through the ages although the exact origin of these numbers 
is unclear (Gilbert, 2008). Our own 'odour catalogues' probably contain in the region of 
a few hundred smells such as baking bread, cleaning fluid, sweat, rotting food, lavender 
and coffee. Despite our ability to name what we do smell, odours do not readily lend 
themselves to precise classification. Many researchers have attempted to develop 
classification systems to categorise odours; however, all of these methodologies have 
limitations with various odours falling outside the scheme proposed (McCord and 
Witheridge, 1949). In fairness, the workers devising the classifications do not claim 
completeness and their endeavours ultimately demonstrate the complicated nature of 
odour categorisation. The fact that there are vast numbers of odours in the environment 
and that humans find it difficult to categorise them, leads to problems in trying to 
distinguish between different odours and to describe what we smell. In addition, our 
vocabulary tends to put a limit on the number of odours we can 'name', further 
complicating the issue. 
In order to understand the problem of naming and categorising odours and why it is 
important in relation to public health, this chapter discusses the developments that have 
been made to progress our understanding of what we mean by the expressions 'odour' 
and 'odorants'. A section is included discussing common sources of odorants released 
into the environment and there is an examination of the methods that can be employed 
to measure odorants and odours once in the environment. 
2.1.1 Differentiation between 'odour' and 'odorant' 
When considering the subject of odours it is important to make the distinction between 
the concepts of 'odorants' and 'odours'. This is important, as we need to ascertain 
'what' is causing a health effect, the 'odorant' or the 'odour'. The distinction between 
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the two terms is highlighted in Chapter 4, Odour impacts on health and well-being. 
'Odorants' are the chemical compounds, entities in the atmosphere, which can be 
described in terms of their physico-chemical characteristics and are capable of being 
transposed by our nervous systems into what we term 'odours'. 'Odours' are the 
subjective products of neural stimulation in the brain and therefore have the potential to 
be modulated by individual influences such as memory and previous exposure history. 
It is odours and not odorants that drive physiology and behaviour following exposure to 
odorants (Hudson, 1999). Humans and animals physically perceive odours by the 
physiological sense of olfaction and a description of how olfaction occurs in humans is 
found in Chapter 3 Olfaction and perception. 
Odours or ' odors ' (the American spelling) are also called 'smells'. A very crude 
classification of odours is into smells which are pleasant and those, which are 
unpleasant. The terms fragrance, scent, or aroma are used primarily by the food and 
cosmetic industries to describe pleasant odours, and are sometimes used to refer to as 
perfumes. In contrast, the terms stink, pong, whiff, reek and stench are used specifically 
to describe odours that are considered unpleasant. Often the term 'malodour' is used to 
describe an offensive or unpleasant odour. A particular odour can be due to a single 
chemical species, it can be due to an overriding odorous chemical species amongst 
essentially non-odorous chemicals, or it can be a combination of numerous chemicals, 
some or all of which may be odorous. Interactions between mixtures of odorous 
compounds can also occur, (i.e. synergistic effects), e.g. where one odorous compound 
disguises or masks the presence of other compounds. The odour experienced by an 
individual is, in general, not equivalent to the sum of the component odorous 
compounds. The perceived odour may be greater or less than the components depending 
on the synergistic effects of the compounds present. The theory of human perception is 
considered in more detail in Chapter 3, Olfaction and perception. 
Odours are carried by the air and given suitable atmospheric movement odorant 
chemicals can be perceived at distance from the source. In some situations it has been 
demonstrated that odours can be transported many hundreds of kilometres away from 
the source (Smethurst, et aI., 2012). Anything that prevents the passage of air, like the 
stopper in a perfume bottle, or a sealed unit in a factory, impedes the transport of the 
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odorant chemicals into the atmosphere and hence the odour is not released and cannot 
be perceived. The atmosphere carries odorant molecules to the nose where olfaction 
takes place but if we hold our breath this prevents air from penetrating the nasal 
passages then olfaction ceases. Substances that we can detect by olfaction, and hence 
emit volatile chemicals, include foods (such as cheese, garlic, cooked meat and fish), 
flowers (such as roses, lavender) and fruits (including apples, bananas and lemons). 
Other substances emitting molecules into the air, which are detected by the nose as 
odours, which are far more unpleasant, include rotting waste, sewage and decaying fish. 
Often common 'odours' are used to describe smells that we detect in order to determine 
their origin. The transport and dilution of odorants in the atmosphere is discussed in 
Chapter 8, The atmosphere and atmospheric dispersion. 
2.2 ODORANT CHARACTERISTICS 
The properties of substances that enable them to be emitted into the atmosphere to 
become odorants are their volatility, the ability to be adsorbed in the epithelial mucus, 
the ability to elicit an electrical equilibrium change and the ability to dissolve in lipids. 
These features are discussed in the following sections. 
2.2.1 Volatility 
Air has the capability to carry odours but only when substances give off molecules to 
the atmosphere; i.e. they have the potential to become airborne odours when the 
chemicals volatilize. Substances that do not give up molecules to the air are not volatile 
and therefore do not smell - almost all substances that are volatile do have a smell. 
There are two exceptions: the first being a group of substances called the 'light gases' 
(such as oxygen, nitrogen, hydrogen, helium, carbon dioxide and CO) and the second is 
water (Moncrieff, 1970). Of the substances that do smell, all have a detectable vapour. 
Volatility is a measure of the tendency of a substance to vaporise and become a gas. At 
a given temperature, substances with higher vapour pressures will vaporise more readily 
than substances with a lower vapour pressure. However, there does not appear to be a 
relationship between the vapour pressure of a chemical and its potential to be odorous 
(Moncrieff, 1970). 
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2.2.2 Adsorption 
In order for substances to be odorants they need to be able to be 'adsorbed'. Adsorption 
is the adhesion of atoms or molecules of gas, liquids or solids on to a surface. The 
process of adsorption produces a layer of adsorbate, in which the atoms or molecules 
build up on the surface of the adsorbent. Adsorption is different from absorption, as this 
is where atoms or molecules of gas or liquid (i.e. of one state) are incorporated into a 
different state. The tenn 'sorption' includes the processes of adsorption and absorption, 
whilst 'desorption' is the reverse of these processes. The process of adsorption becomes 
important when atoms and molecules enter the nasal passages; therefore, we need to 
understand how chemicals behave as gases in the atmosphere. A detailed discussion of 
atmospheric dispersion is included in this thesis in Chapter 8 The atmospheric and 
atmospheric dispersion. 
Airborne chemicals move with air as it is circulated and transported on a macro scale 
during atmospheric processes. On a microscopic scale, the kinetic theory of gases can 
be used to explain the movement of the molecules themselves, assuming the molecules 
are very small relative to the distances between them. Molecules are in constant, 
random motion and frequently collide with each other and with the walls of any 
container. The individual molecules possess the standard physical properties of mass, 
momentum, and energy. The density of a gas is simply the sum of the mass of the 
molecules divided by the volume, which the gas occupies. 
The pressure of a gas is a measure of the linear momentum of the molecules. As the gas 
molecules collide with the walls of a container, the molecules impart momentum to the 
walls, producing a force that can be perceived. The force divided by the area is defined 
to be the pressure. The temperature of a gas is a measure of the mean kinetic energy of 
the gas. The molecules are in constant random motion and there is energy (1/2 mass x 
square of the velocity) associated with that motion, the higher the temperature and the 
greater the motion of the molecules (NASA. (Benson, 2008). 
In the nasal passages, which can be considered to 'contain' the gases, molecules of 
oxygen and nitrogen, normal constituents of air, continually, repeatedly and almost 
instantaneously rebound, as though reflected, from the interior walls of the nose. When 
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odorant molecules enter the nasal passages they also move rapidly and collide with each 
other and with the internal surfaces of the nose. However, odorant molecules, unlike air 
molecules, are adsorbed onto the epithelium of the nose. The epithelial cells retain the 
odorant molecules briefly before release. When odorants are desorbed the process 
expends energy and this stimulates the epithelial cells, leading to an electrical impulse 
being transmitted to the brain. Adsorption concentrates the odorant molecules present in 
the nose from three dimensions to two dimensions as the adsorbed molecules dissolve in 
the mucus (which is mostly water) covering the epithelium of the nasal passages, 
forming a film of molecules. This concentration partly explains how a chemical that 
may be extremely dilute in air can yet stimulate a response, leading to the perception of 
odour. It has been suggested that the differential adsorption of odorants by the olfactory 
mucus may be tantamount to the first step in the processing of odour mixtures, though 
this has been discounted following laboratory studies in humans (Laing, 1988). The 
perception of odour is described further in Chapter 3, Olfaction and perception. Most 
vapours and gases can easily be dissolved or adsorbed, except the 'light gases' that 
cannot. These substances are difficult to dissolve and adsorb and therefore they are 
odourless. 
2.2.3 Chemical equilibrium changes 
Water is another substance that is volatile and easily adsorbed, yet does not smell. As 
the mucus present on the surface of the nasal epithelium is made up predominantly of 
water, the presence of more water molecules in inspired air does not alter the 
equilibrium significantly and hence there is no sensation detected by olfaction. If, 
however, the inspired air contains a substance not commonly present in the nose then 
stimulation occurs (as described above) and an odour sensation results. When a person 
detects an odour when smelling water (i.e. from a drinking tap) then the water must be 
contaminated with another chemical and it is the contaminant being detected. The 
presence of volatile organic compounds (VOCs), originating from a number of sources, 
in drinking water is an example of this (Watson, 2004). 
2.2.4 Lipophilic 
Odorant chemicals must possess some ability to dissolve in fat (i.e. be lipophilic), as the 
mucus present in the nasal mucosa is a lipid-rich secretion (Leffingwell, 2002). It is 
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believed that lipophilic molecules are able to attach to odorant binding proteins that 
facilitate transport through the mucous layer to the receptors in the olfactory membrane 
(explained in further detail in Chapter 4, Olfaction and perception). 
2.3 ODOUR CHARACTERISTICS 
Odours are generally recognised to possess four interlinked sensory characteristics and 
it is often these parameters that are used to describe them when they occur in the 
environment and individuals/communities are exposed to odours. These parameters are: 
concentration, intensity, quality/character and hedonic tone. The only objective 
dimension of odour is its detection; i.e. whether one can smell the odour or not. 
2.3.1 Concentration 
Concentration defines the amount of an odorous substance in a particular volume of air. 
Usually the concentration is measured in volume units (e.g. parts per million, ppm or 
parts per billion, ppb) or as mass units (e.g. mg/m3 of air), for single compounds. For 
single species and mixtures of odorous compounds, the concentration can be expressed 
as odour units per cubic metre (Oulm3) or European odour units (ouE/m3) when the 
European Standard is employed (CEN, 2003). Odour units are determined by presenting 
samples of successively diluted odorous gas to a panel of assessors until 50% of the 
panel can no longer smell the odour. At this level the gas concentration is equivalent to 
1 odour unit (lou). The concentration of the original gas sample can then be expressed 
in terms of the number of dilutions or in equivalent odour units. Odour panel assessors 
must comply with predefined requirements, e.g. concerning their odour perception 
sensitivity. The gas used to calibrate and verify this requirement n-butanol (1 oUE/m3 = 
40 ppb/v n-butanol). As a very approximate guide, 1 ouwm3 is the point of detection of 
a particular odour; at 1-5 ouwm3 the odour is recognisable; at 5 oUE/m3 there is a faint 
odour, and at 10 ouwm3 the odour is said to be distinct odour. The values for normal 
background odours, such as from traffic, grass cutting, plants, etc, amount to anything 
from 5 to 40 oUE/m3. 
2.3.2 Intensity 
Intensity refers to the strength or magnitude of an odour sensation and is therefore a 
subjective measurement. Odour intensity can be measured on a subjective category 
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scale from faint to moderate to strong or on a magnitude scale (i.e. odour A is twice as 
strong as odour B) or by comparison to a specific odorant. Odour concentration and 
intensity are related with perceived intensity increasing with increased concentration, 
though the relationship is non-linear. 
Two laws have been proposed to explain the relationship between odour concentration 
and intensity - the Weber-Fechner law and Steven's law. The basis for these suggestions 
lies in 'psychophysics', which is a discipline in psychology that quantitatively 
investigates the relationship between physical stimuli and the sensations and 
perceptions they effect. 
Weber-Fechner law: 
Intensity = a log C + h Eq. (2.2) 
Steven's Law 
Intensity = kC Eq. (2.3) 
Where C is the odour concentration and a, h, k, n are the constants. The Weber-Fechner 
law gives a linear plot of log concentration against intensity whereas Steven's law gives 
a linear plot of log concentration against log intensity (Gostelow et aI., 2001). Which 
model is used is dependant on the subjective category scale used for the odour intensity. 
A magnitude scale is a better fit with Steven's law and a category scale is a better fit 
with the Weber-Fechner law. 
A distinction has been made between a) local psychophysics, where stimuli are 
discriminated only with a certain probability, and b) global psychophysics, where the 
stimuli are discriminated accurately with near certainty. The Weber-Fechner law is 
generally applied in local psychophysics, whereas Stevens' methods are usually applied 
in global psychophysics. 
The method for measuring subjective odour intensity by human assessors is given in a 
standard document, VDI 1997, Part 1 (VDI, 1997a). Firstly, the odour concentration is 
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determined and then a range of 'suprathreshold's dilutions are presented to odour 
panellists who indicate their perception of the intensity of each dilution following the 
scale: 0 = no odour, 1 = very faint odour, 2 = faint odour, 3 = distinct odour, 4 = strong 
odour, 5 = very strong odour, 6 = extremely strong odour. 
4 
Relationship between intensity and concentration offresh 
landfilled material 
R2 = 0.9628 
-0.5 0.25 0.5 0.75 1.4 1.5 
Log odour concentration 
Figure 2.1: Plot of odour intensity and log odour concentration for fresh landfilled material 
(Adapted from source: (Sneath, 2008)) 
Intensity scores obtained from members of the odour panel are averaged and plotted 
against log concentration. A linear regression is performed between intensity and log 
(concentration) and the line of best fit plotted on the resulting graph (Figures 2.1 and 
2.2). 
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Relationship between intensity and concentration of landfill gas 
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Figure 2.2: Plot of odour intensity and log odour concentration for landfill gas. Adapted from 
source: (Sneath, 2008)) 
Odours having the same concentration will not necessarily have the SaIne perceived 
intensity (Figures 2.1 and 2.2) (Sarkar and Hobbs, 2002). 
5 of sufficient strength or quantity to produce a perceptible physiological effect 
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2.3.3 Quality/character 
This is a qualitative characteristic that is articulated in terms of a description by analogy 
with common experience (e.g. 'orange peel', 'garlic', 'pungent'), often chosen from 
predefined lists. Table 2.1 gives some examples of the odour descriptors used for 
common odours; a full list is included in Appendix V 1.1. 
Table 2.1: Some examples of descriptions for common odours. Source: (Environment Agency, 
2002a) 
SUbstance I ~~~',~ , ., '" f Substa~, ' , _: >',' •• " '- : IOdour 
.. -
.. 
-" -
'. ? ~ ~ I 
Acetaldehyde Apple, stimulant Dimethyl sulphide Rotten vegetable 
Acetic acid sour vinegar Diphenylamine Floral 
Acetone chemical/sweetish/solvent Diphenyl sulphide Bumtrubber 
Acetonitrile Ethereal Ethanol Pleasant, sweet 
Acrylaldehyde Burning fat Ethyl acetate Fragrant 
Acrolein Burnt sweet, pungent Ethyl acrylate Hot plastic, earthy 
Acrylonitrile Onion, garlic, pungent Ethylbenzene Aromatic 
Aldehydes C9 Aoral, waxy Ethyl mercaptan Garlic/onion, sewer, decayed 
cabbaQe earthy 
Aldehydes C10 Orange peel Formaldehyde Disinfectant, hay/straw-like, 
punQent 
The use of descriptors for odour is useful during the investigation of odour complaints 
and can often aid the determination of the source (Smethurst, 2007a). It is also worth 
noting that some chemicals (e.g. hydrogen sulphide, H2S) lose their characteristic odour 
(in this case of rotten eggs) as the concentration increases, leading to potentially 
harmful levels of the gas not being perceived (Amoore and Hautala, 1983). This 
occurrence is different to the adaptation to odour, which is explained in Chapter 3, 
Olfaction and perception. 
2.3.4 Hedonic tone 
The hedonic tone of an odour is the subj ective judgment made by a person perceiving 
the odour of the relative pleasantness or unpleasantness of its smell. The determination 
of this characteristic is therefore open to variation between perceiving individuals. 
Residents experiencing a particular smell from an activity or incident often use this type 
of description of an odour. In laboratory settings, under standard conditions of VDI 
1997 odour assessors on odour panels can determine Part 2, hedonic tone scores, or 
'Dravnieks', by comparing reference odours with the test sample. The resulting scores 
give an indication of the relative pleasantness or unpleasantness of one odour compared 
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with another (VDI, 1997b) (Dravnieks, 1984). Outside of the laboratory setting this 
factor can be subject to substantial variation between individuals. 
Positive scores are associated with the more pleasant odours (e.g. caramel, apple, woody 
and lavender) and negative scores with unpleasant odours (e.g. fishy, urine, paint and 
musty). The terms pleasant and unpleasant are likely to be used to indicate the response 
to a particular odour, rather than the 'score' being a level of satisfaction to the exposure. 
Generally, the hedonic tone of an odour decreases (i.e. it gets more unpleasant) with 
increasing concentration, though a pleasant rated odour may, up to a certain 
concentration level, increase in pleasantness before a decrease occurs (Nimmermark, 
2004). Odours having the same concentration will not necessarily have the same level 
of pleasantness or unpleasantness (Sarkar and Hobbs, 2002). A list of 'hedonic scores' 
is given in Appendix V1.1; this is a ranking of common odours, which can aid in the 
determination of the relative offensiveness of different odours. 
2.4 SOURCES OF ODORANTS AND ODOUR 
Odorants and odours can be generated from a number of sources, which can be 
classified into two major categories that are: natural sources (section 2.4.1) or 
anthropogenic sources resulting from human activity (section 2.4.2). Major 
anthropogenic odour sources are regulated and their release into the atmosphere is 
controlled. 
Odour sources from both natural and anthropogenic sources can be sub-classified 
according to their form of release into the environment including point, area, line, tank, 
volume or fugitive sources. Point sources include emissions from chimneys, pipes, 
exhausts, vents, and stacks. Odours from industrial point sources tend to be regulated 
and have the potential to be controlled with odour abatement prior to release. Area 
odour sources tend to be unconfined, such as landfill sites, wild fires, sewage spread on 
land and open air composting. Line sources are characterised due to their lengthened 
size e.g. long cracks in the restoration cap of a landfill. Tank or volume sources of 
odour include emissions from liquids such as slurry lagoons and treatment vessels at 
sewage treatment works. Fugitive source emissions are diffuse in nature, reflecting that 
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the odour has escaped from a pipe or building due to a breach in the integrity of the 
structure or tube. 
In addition, source types, as listed above, can be divided into passive sources or active 
sources. An 'active' source indicates that there is\ an outward flow of air which can 
contain odorants within it; e.g. point sources are generally active sources. Another 
example of an active source is a pile of compost that has forced aeration, which is air 
blown through the compo sting mass (Bockreis and Steinberg, 2005). Passive sources 
would include emissions from an area source, such as the surface of a landfill or a pile 
of compo sting material. 
2.4.1 Natural sources of odorants and odours 
Ambient air may consist of odorants and odours produced from natural processes that 
can be pleasant or unpleasant, depending on their origin. Some of these sources are 
discussed below. 
Plants and flowers 
Plants and flowers all produce odorants in order to attract insects and aid pollination. It 
is generally thought that the odours produced by flowers and plants are pleasant, 
although this is not always the case. While we accept the role of such odours in 
pollinator attraction there are plant species that use the odour of carrion and dung to 
attract beetles and flies. 
Natural gas 
Natural gas consists primarily of methane (C~), which is odourless (HPA, 2011b, RSC 
(Royal Society of Chemistry), 2011). Natural gas from bogs, marshes and from buried 
organic material often comprises of impurities that can give the gas an unpleasant smell, 
these impurities have to be removed before the gas is used as a fuel. Ironically an 
odour, usually ethyl mercaptan, is often imparted into the fuel as a sensory trigger for 
gas leaks, as it smells like rotten eggs or cabbage. Odour as a sensory trigger is 
discussed in (Smethurst and Baker, 2010). 
Volcanoes 
The composition of volcanic gases varies widely between volcanoes depending on the 
magma (molten rock) type, and is dependent on the individual volcano's state of 
activity. Water vapour is the most prevalent volcanic gas, contributing between 50 and 
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90% by volume, the second being carbon dioxide (C02), which ranges from 1 to 40% 
by volume. Both water vapour and carbon dioxide are odourless. Volcanoes also release 
sulphurous compounds, sulphur dioxide (S02), hydrogen sulphide (H2S), carbonyl 
sulphide (COS) and its precursor carbon disulfide (CS2) all of which are odorous. 
Volcanoes have also been shown to release halogenated compounds including hydrogen 
chloride (HCI), hydrogen bromide (HBr) and hydrogen fluoride (HF) (Textor et aI., 
2003). 
2.4.2 Anthropogenic sources of odorants and odours 
The main contributors to ambient air pollution are anthropogenic, being by-products 
from industrial processes, transport and combustion. The major primary air pollutants 
produced by human activity include: 
• sulphur oxides (SOx) 
• nitrogen oxides (NOx) 
• volatile organic compounds (VOCs) 
• ammonia (NH4) 
all of which are odorous and 
• particulate matter 
• carbon dioxide (C02) 
• carbon monoxide (CO) 
which are odorless. 
The sources and activities that produce some of these odorous anthropogenic air 
pollutants are discussed below. 
Waste 
Various waste management activities produce odours, such as landfill sites, compo sting 
facilities and wastewater treatment. Landfills are a major source of odour complaints. A 
study commissioned by the Department for Food and Rural Affairs (Defra) suggested 
that landfills accounted for between 10 and 25% of all odour complaints to local 
authorities (Defra, 2004). Potential odour sources at landfill sites include leachate, 
landfill gas and odour from deposited materials. In some cases landfill odours have been 
detected over Han away and over 50% of complaints made about landfills relate to 
odour (Defra, 2004). Problems with landfill odours can occur as a result of the disposal 
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at landfill sites of unsuitable wastes; e.g. the disposal of plasterboard and other wastes 
containing fairly high levels of sulphur leading to the production of hydrogen sulphide 
in landfill gas (Harrison et aI., 2007). The storage of leachate or its collection for 
treatment on site can result in the production of odorous compounds, such as sulphides 
and this can lead to significant odour releases from the tanks used to store leachate. 
Other contributors to landfill odours are thought to come from the presence of hydrogen 
sulphide (H2S), mercaptans (which have an odour like cabbage or garlic) and volatile 
organic compounds (VOCs). 
The study of composting facilities has revealed that hydrogen sulphide, dimethyl 
sulphide, ammonia and propanoic acid are common odorants, together with numerous 
other VOCs (Jacobs et aI., 2007). 
There are many chemical species detected in the odours produced from sewage 
treatment works. These include sulphurous compounds (hydrogen sulphide H2S and 
mercaptans), nitrogenous compounds, ammonia (NH3), indole and skatole (which have 
the odour of faecal matter), butyric acid, valeric acid, aldehydes and ketones (Gostelow 
et aI., 2001). Hydrogen sulphide, which is a principal component of odorous emissions 
from sewage treatment works, is often used as a target indicator for the measurement of 
sewage treatment odours (Defra, 2006). 
Industrial and chemical odours 
Odours from industry can be composed of numerous odorants depending on the type of 
industry concerned. Sulphurous compounds, mercaptans and hydrogen sulphide are 
typical odorants of the odours from oil refineries. Other odorants found in emissions 
from chemical works includes ammonia, phenols, mercaptans and chlorine. 
Agriculture 
Ammonia (NH3) is quantitatively the largest emission from agricultural operations from 
animal waste and fertiliser usage (Aneja et aI., 2008). Over 330 volatile compounds 
have been found in gases emanating from livestock production including mercaptans, 
sulphur dioxide, benzene, carbon disulphide and hydrogen sulphide (Schiffman et aI., 
2001, Wing, 2000). 
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Indoor odours 
The major contributors to residential indoor odour are volatile organic compounds 
(VOCs) from materials used in the construction of the building, odorants from biogenic 
sources (rotting food, mould and pet odours), cleaning products, paints, air fresheners, 
perfumes, deodorants, environmental tobacco smoke (ETS), human odours and 
solvents. The type of odour associated with cleaning and air fresheners is dependant on 
the actual product and its constituent chemicals. Other sources of odour found in 
residential properties can include leaks from gas pipes and problems with sewer systems 
and associated pipe work. Indoor air is often a complex mixture of chemicals and 
therefore measuring the odorants can prove to be very difficult, especially when there is 
no obvious source or when different descriptors for the odour are reported. An example 
of an odour incident from a suspected indoor source can be found in the HP A Chemical 
and Hazards Report (Keshishian et aI., 2008). Air conditioning systems, can also draw 
odorous air into buildings, (from external sources such as, emissions from industry, 
vehicle exhausts, chimney and fires smoke and waste management facilities), therefore 
causing indoor odour complaints when the actual source is external. 
2.5 MEASURING ODORANTS AND ODOURS 
The distinction made in section 2.1.1 between odorants and odours is highly relevant 
when considering the measurement of these entities in the atmosphere. As odorants are 
the actual chemicals in the atmosphere, traditional analytical techniques can be 
employed to measure the types of chemicals (odorous and non-odorous) present and 
their concentration, whereas the measurement of odours cannot be achieved in the same 
way. The following sections detail how odorants and odours are measured and 
monitored in the atmosphere. There are two general approaches to odour measurement: 
analytical techniques, relating to odorants, and sensory techniques, relating to odour. 
2.5.1 Analytical techniques 
Analytical techniques involve identifying and 'measuring' the concentration of the 
chemical compounds forming the odour. There are two main types of analytical 
techniques, chemical analysis and instrumental analysis. Chemical analysis involves an 
indirect assessment, pertaining to the collection of odour samples that are analysed in 
the laboratory by gas chromatography (a C) or wet chemistry methods. Direct 
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instrumental analysis involves instruments that give immediate information with respect 
to the chemicals present and their respective quantities. Instruments employed include 
portable gas chromatography (GC) and mass spectrometry (MS) analysers, colorimetric 
tubes and 'electronic noses' (Environment Agency, 2002b). Electronic noses contain a 
small number of sensors, made from different organic polymer-carbon black 
combinations. When the sensors are exposed to an odour (i.e. a specific chemical) they 
expand slightly and this changes the way the sensors conduct electricity. This change, 
which differs for each sensor, is recorded. The configuration of response from the 
sensors varies for different odours (Francesco et aI., 2001). Comparisons from the 
configuration from an unknown material with a library of known configurations can be 
made using computer programs. The identification of a sample can be achieved if it 
matches any of the known configurations in the library. 
2.5.2 Sensory techniques 
Sensory analysis gives an assessment of the physiological human response to a 
particular odour and can reveal the concentration, intensity, quality and characteristics 
of the perceived odour (section 2.3). This type of analysis, which is often called 
dynamic olfaction or olfactometry, is obtained by exposing trained individuals to the 
odour, who then give a judgment of what they perceive. These human assessors are 
'odour panellists' (McGinley, 2000). Sensory measurement techniques can be of two 
types; a) objective measurements, where the assessor's nose is offered various dilutions 
of odour, or b) subjective measurements, where the odour is presented without any 
dilution for the assessment of odour character, hedonic tone, and intensity (Gostelow et 
aI., 2001). There are two methods of dilution related measurements, threshold 
olfactometry or 'suprathreshold' olfactometry. In threshold olfactometry the odorous 
sample is successively diluted until it can just be detected, this determines the threshold 
concentration. In suprathreshold olfactometry the odorous sample is compared to a 
reference odour and the result is expressed in terms of dilutions equivalent to the 
reference gas. 
Another technique, which has recently been used for the detection of odours from 
landfill sites, oil refineries and chemical plants, is that of the Nasal Ranger®. The nasal 
ranger operates via field olfactometry by filtering the air that enters the nose and 
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changing the ratio of foul air to filtered air to determine the level or dilution of detection 
(Figure 2.3) (Weber, 2011). 
Figure 2.3: Photograph of the Nasal Ranger. Source: (Nasal Ranger, 2011) 
2.6 ODOUR LEVELS 
Often different terminology is used to describe the concentration of an odour in the 
atmosphere or at the human receptor. These terms are described below. 
2.6.1 Detection thresholds (DT)/odour thresholds (OT) 
The detection threshold (DT), or odour threshold (OT) as it is sOlnetimes called, is the 
concentration at which an odour is strong enough to produce a sensation of odour in 
exposed individuals within the controlled conditions of an odour laboratory. As will be 
discussed in Chapter 3, there is natural variation in sensitivity between different 
individuals and therefore the threshold value defined in olfactometry is a statistically 
derived value that represents an 'average' response from 50% of the odour panel. Odour 
detection levels are often quoted as a range, which highlights the issues in determining 
exact values for DT lOTs. 
2.6.2 Recognition thresholds (RT) 
The recognition threshold is the concentration at which an odour becOlnes recognisable, 
as a specific odour, i.e. it can be described. Whilst the detection threshold is the 
concentration at which an odour can be sensed, a higher concentration is usually 
required before the odour can be recognised, (i.e. it can be described). The recognition 
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threshold is commonly about three times the detection threshold. Recognition threshold 
values are often quoted as a range, which again highlights the issues in determining 
exact values. 
2.7 SUMMARY 
Odorants are chemical compounds present in the atmosphere that are capable of being 
perceived as odours. Chemical compounds that are odorants have the following 
characteristics: they are volatile, dissolve easily and are adsorbable; are not present 
normally in the nose and have some ability to dissolve in fat. Odours can arise from a 
single chemical substance although they are more often than not composed of a 
complex mix of chemicals. Odorants and hence odour are produced from natural 
processes and from human activities. Odours are inherently subjective, although they 
can be described by the following characteristics: concentration, intensity, hedonic tone 
and quality. It is for this reason (i.e. that odours can be expressed having four 
interlinked characteristics), that these parameters can be utilised when the determination 
of the source and nature of the odour is required for example during chemical incidents. 
The Odour Complaints Checklist described in Chapter 10, Odour and health protection 
issues, employs these characteristics as the basis for assessing the origins of the odour 
and for evaluating risk. 
Odours are difficult to measure - therefore quantification is. challenging. The use of 
analytical techniques is preferable, for measuring odorants, though these techniques fail 
to tell us anything about how the odorants are perceived. A better understanding of the 
relationship between sensory and analytical measurements is required, although our lack 
of knowledge of human perception (see Chapter 3, Olfaction and perception) makes this 
difficult. 
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CHAPTER 3 
3. OLFACTION AND PERCEPTION 
3.1 INTRODUCTION 
As explained in Chapter 2, odorants are molecules present in the atmosphere that can be 
objectively defined by their chemical and physical properties. Odorants can be 
transposed by the human 'olfactory system', which is the nose and the brain, into what 
we term odours. Odours can therefore be described as the subjective outputs from the 
interpretation of odorants by the olfactory system (Hudson, 1999). 
This chapter provides background information regarding how we physically sense 
odorants in the atmosphere during the process of 'olfaction' and how we interpret those 
odorants into what we call odours by the process of 'perception'. Often the term 
'olfactory perception' is .. used to describe the entire process of 'smelling' - however for 
ease of explanation in this chapter, the two mechanisms will be considered as separate 
topics, recognizing that in reality there is no olfaction with perception and vice versa. 
This chapter describes olfaction as the mechanisms that occur from the odorant signal in 
the atmosphere through to the brain and perception as the interpretation of the signals 
once in the brain and the subsequent behaviour in the individual. 
Human olfaction and odour perception are both complex subjects and not completely 
understood. However, it is important to appreciate what we do know in order to 
translate this into real life situations, such as when odour complaints from the public 
occur. It is also important to appreciate olfaction and perception mechanisms and 
models in order to translate the findings of experimental data into meaningful models of 
response in human populations. 
This chapter examines the physiology of the human olfactory system (section 3.2.1) and 
discusses where gaps in knowledge exist and where there is a reliance on established 
models and hypotheses. Models of chemoreception are discussed in terms of their 
importance, to understand dose-response relationships and response kinetics in section 
3.2.4. Following on from olfaction, the chapter next considers the processes involved in 
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odour perception, which is discussed in section 3.5. The individual nature of perception 
is also considered in generic tenns and in relation to explaining reactions and responses 
to odorants. Individuals are open to a potential multitude of modulating influences of 
interpretation via perception, which are briefly considered in this chapter (Hudson, 
1999). Humans vary in their sensitivity to odorants, therefore introducing a wide range 
of possible perception scenarios. 
3.2 OLFACTION 
'Olfaction' is the word used to describe our sense of smell or the process of smelling 
odorant chemicals in the air. Olfaction is the physiological process of odour 
'perception', where perception is the process of acquiring, interpreting, selecting, and 
organising sensory infonnation, in this case odours, received from the environment. To 
date, studies concerning our sense of smell have revealed that there is much to learn and 
there is insufficient data to explain olfaction fully. What we do know is discussed in the 
following sections. In simple tenns, olfaction is initiated in humans when odorous 
volatile chemicals enter the nasal passages, eventually leading to a stimulation of 
sensory receptor cells located in the olfactory epithelium (Leffingwell, 1999). The sub-
processes involved in olfaction are presented in sequential order of anatomical 
progression of the odorant signal in the nasal passage; through the olfactory epithelium 
and odorant transduction6 via neural pathways to the brain where perception occurs. 
3.2.1 General physiology of olfaction 
In humans, olfaction is often regarded as the least sensitive of the senses and many 
animal species appear to have superior olfactory abilities to humans. Nevertheless, 
humans are still relatively good at detecting and identifying volatile chemicals in the 
surrounding air and do so in the ways described below (Purves et aI., 2001). 
When we inhale via the nose, air passes initially upward through a cavity just below the 
brain before passing down past the back of the mouth, through the trachea, and finally 
branching into the lungs. In basic tenns, odorants are detected in the nostrils by 
specialised sensory receptor cells, olfactory receptor (OR) cells found in the roof of 
each nasal passage, just below the brain, in small (2.5cm2) regions called the olfactory 
6 the process of odorant binding at olfactory receptors culminating in the generation of an action potential 
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mucosa. The olfactory mucosa is composed of the olfactory epithelium and the 
underlying olfactory neurons. Odorant molecules may reach the olfactory mucosa and 
epithelium via the nose (orthonasal olfaction) and also via the mouth (retronasal 
olfaction) Figure 3.1. Odour sensed orthonasally, it is believed to be perceived in the 
brain as originating from the environment and when odour is sensed retronasally, it is 
thought to be perceived as originating from the lTIouth (Murphy et aI., 1977, Rozin, 
1982). 
Figure 3.1: An MRI image showing orthonasal delivery of odorised air (yellow dots) to the 
nasal passages; upper white line with the yellow arrow depicting the flow direction and 
retronasal delivery of odorised air (blue dots); lower white line with the blue arrow depicting 
flow direction (Small, 2005) 
It has been also been suggested that the same odour may produce different brain 
responses depending on whether it is sensed orthonasally or retronasally (Small, 2005). 
This proposal is linked to the idea that food odours are normally perceived both 
orthonasally and retronasally, whereas non-food odours are only perceived orthonasally 
(Small, 2005). The relation between odour and taste is discussed in section 3.3.5. 
3.2.1.1 Olfactory mucus 
The first phase of olfaction is considered to be when odorant molecules come into 
contact with the olfactory mucus that overlies the olfactory epithelium (Gane, 2010). 
The olfactory mucus layer, which is about 10-40J.!m thick in humans, is a lipid-rich 
secretion that coats the surface of the sensory olfactory receptor cells at the epitheliun1 
surface. Odorant molecules enter the nasal cavities and adsorb in the n1UCUS lining, 
possibly binding to molecules that are present, called odorant binding proteins (OBPs). 
The exact role of the odorant binding proteins has been debated and is controversial, 
although recently it has been suggested that these lTIolecules could possibly act as 
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binding molecules with a high attraction for large fatty acids and aldehydes (Briand et 
aI., 2002). 
Odorant molecules are also subject to other processes in the olfactory mucus before they 
arrive at the olfactory receptor. These processes are not clearly understood, though they 
have been given the name 'perireceptor' events (Gane, 2010). It is believed that because 
olfaction is a sense that is able to and is required to sample the environment continually, 
there is also a requirement to update sensory data repeatedly and therefore there must be 
a mechanism quickly expelling redundant molecules i.e. 'old' odorant molecules. The 
time scales for this mechanism are not known and probably depend on the type of 
odorant molecule involved in the process and the significance of its perception. 
3.2.1.2 Olfactory epithelium 
The olfactory epithelium of the human nose is the only area where the central nervous 
system (eNS) is directly exposed to the external environment, notwithstanding the 
presence of the mucus layer. The olfactory epithelium contains the olfactory sensory 
neurons (OSNs), some mucus producing goblet cells, associated supporting cells and a 
basal layer of stem cells, from which replacement nerve cells are grown approximately 
every 2 months (Leffingwell, 1999). The olfactory epithelium has been shown to 
comprise of cells that are pigmented, being light yellow in humans and dark yellow to 
brown in dogs. The depth of colour seems to be correlated with olfactory sensitivity 
(Leffingwell, 1999). 
Each olfactory sensory neuron is rod shaped, bipolar7 and possesses microscopic cilia 
on one side projecting down from the olfactory epithelium into the olfactory mucus with 
an axon on the opposing side of the cell that passes through the basement of the 
olfactory epithelium (Figure 3.2). The cilia form a network in the layer of mucus in the 
layer above and their surfaces are covered in olfactory receptor protein molecules. 
7 Bipolar cells are specialised sensory neurons possessing two extensions 
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olfactory supporting cell 
olfactory bulb receptor cell basal cell 
mucus layer microvilli 
cilia 
Figure 3.2: Basic physiology of the nose and olfactory sensory receptor cells. Source: 
(University of Florida (UFI), 2008) 
On the molecular scale, olfactory receptor proteins thread back and forth across the 
outer membrane of the nerve cilia, reacting with the volatile molecules in the air 
(odorant transduction) and triggering pore openings, initiating nerve signals to be sent to 
the brain; however, this mechanism is not cOlnpletely understood (section 3.2.2). 
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Figure 3.3: The human olfactory sensory system (Intute: Science Engineering and Technology, 
2008) 
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3.2.2 The theories of primary olfaction (odorant transduction) 
At the present time, there are a number of alternative theories explaining how primary 
olfactory reception, odorant transduction, occurs - that is how olfactory receptors react 
with odorant molecules. It is important to appreciate that this is an incompletely 
understood mechanism while considering the arguments regarding dose response and 
this uncertainty needs to be recognised during the development of the exposure model 
that is a product of this research project. The potential explanatory mechanisms for 
physiological and biochemical olfaction are described below. 
3.2.2.1 The vibration theory of olfaction 
This theory was proposed in the 1930's by Dyson who suggested that a molecule's 
'smell character' is due to its vibration frequency (Dyson, 1938) cited in (Zarzo, 2007). 
This theory was expanded in the late 1970's, but the hypothesis fell from favour as no 
mechanistic method for its plausibility was postulated. 
3.2.2.2 The functional group theory of olfaction 
It has also been suggested that there is a correlation between the functional group or 
groups present in a chemical compound, regardless of its bulk shape, and its subsequent 
interpretation into a smell; e.g. the functional group present in the esters has a 
distinctive fruity smell (Burr, 2002). Each olfactory receptor is proposed as being 
'tuned' to a group of odorants, some more common than others (Firestein, 2001). 
3.2.2.3 The shape theory of olfaction 
An alternative theory for primary olfactory reception was put forward by using the 
notion of enzyme-substrate molecular interactions to propose a shape based theory for 
odour. The theory proposes that molecules with a particular shape 'fit' into 
corresponding nasal receptor sites, similar to a lock and key mechanism, thereby 
triggering a signal which is sent to the brain (Moncrieff, 1949) cited in (Zarzo, 2007). 
Amoore, referred to this hypothesis as 'stereochemical theory' and went on to find some 
similarity between molecular shape and odour descriptions after studying a large 
number of compounds (Amoore, 1970) cited in (Zarzo, 2007). 
3.2.3 Recent theories of primary olfaction (odorant transduction) 
The means by which the olfactory system brings into play these olfactory receptors has 
been studied in a variety of organisms (invertebrate and vertebrate); however, in 
contrast, very few studies have looked at this question in human olfactory neurons. 
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From animal studies it has been suggested that the activation of odorant binding protein 
on the receptors leads to olfactory transduction, triggering action potentials that are 
carried along the axon to the olfactory bulb where processing of the signal can take 
place. In terms of receptor activation it has been shown that single olfactory neurons 
frequently respond to more than one odorant and may even respond to odorants which 
are of different chemical classes and structure (Rawson et aI., 1997). This non-
selectivity of odorants at the receptor level has led to the suggestion that interpretation 
of an odorant's odour qualities occurs at the olfactory bulb (Kauer, 1991). The limited 
amount of data available from the study of how human olfactory neurons respond to 
odorants seems to suggest that the mechanisms are similar to those of other species 
studied (Doty et aI., 1990). 
In recognition of the complexity and difficulty surrounding odorant transduction and 
olfactory theory in humans, a Nobel Prize was awarded to Linda Buck and Richard 
Axel in 2004 for their groundbreaking work on olfactory receptors (ORs). Buck and 
Axel investigated olfactory receptor genes in mice, which led to them to estimate that 
up to 1,000 different protein-linked olfactory receptors may be expressed in humans. 
Since all types of protein receptors currently known are activated through binding of 
molecules with highly specific conformations, or shape, it is assumed that olfactory 
receptors operate in a similar fashion (Buck and Axel, 1991). Further research on 
human olfaction systems identified 347 olfactory receptors in the human nose, therefore 
swinging the pendulum of opinion back to the shape theory. The most recent shape 
theory, also known as 'odotope' theory or weak shape theory, proposes that a 
combination of receptors in the nose are responsible for the sensing of anyone smell, as 
opposed to the older model of one receptor, one shape, one smell, or even the primary 
odour theory of having seven basic odours. Receptors in the odotope theory recognise 
only parts of structural features on each molecule, and the brain is responsible for 
processing the combined signal into an interpreted smell. The concept is that any 
number of the 347 different protein based smell receptors in the nose bind to certain 
parts of the odour molecule and humans can therefore, in theory, recognise a vast 
number of smells via the numerous combinations that can be achieved. At the present 
time it has been estimated that the human nose can identify 10,000 smells (Buck, 2004). 
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Current work on shape theory focuses on neural processing, rather than the specific 
interactions between odorants and receptors that generate the original signal. 
3.2.4 Models of chemoreception 
Smell and taste are often described as chemical reception senses, or chemoreception 
senses, due to the fact that the environment is 'sampled' using chemical stimuli. 
Olfaction perceives volatile chemicals that are held in the air; smell therefore, unlike 
taste, is a sense capable of receiving chemical signals over long distances. For animals, 
olfaction is vital for survival, as this sense aids the tracking of food, recognition of 
territory, the identification of kin and detection of predators. Amongst animal species, 
olfaction also plays a role in choosing a mate therefore propagating the species. For 
humans, olfaction helps to judge the quality of food and drink, and the atmosphere, as 
we involuntarily sample our environment during inhalation. As part of this judgement, 
the olfactory system fulfils an essential function as a defence mechanism by generating 
an aversion response to chemical mal odours and irritants (McGinley, 1999). In the field 
of chemoreception, the sense of smell remains one of the most difficult to understand 
areas. 
In section 3.2.3 it was demonstrated that during olfaction a number of chemical and 
physiological stages occur before the central nervous system receives sensory messages 
with respect to the odorant. These stages are influenced by a number of factors, 
including the adsorption rate of the odorant on the olfactory epithelium, the transport 
rate from the olfactory epithelium to the olfactory receptors below, the number and 
sensitivity of the olfactory neurons and, ultimately, the mechanisms by which the CNS 
appraises their output. 
Models of chemoreception have been developed in an attempt to explain the factors that 
influence olfactory responses. These theories have been developed as mathematical 
models of chemoreception for both odour and taste. The majority of the theories have 
their foundations in experiments carried out on insects and vertebrate species such as 
the frog and salamander (van As et aI., 1985) and using electro-olfactograms (EOG) 
(Kamo et aI., 1980, Mankin and Mayer, 1983). Electro-olfactograms are visual displays 
of electrical potentials of the olfactory epithelium resulting from olfactory stimulation, 
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representing the total generator potentials of the olfactory receptor neurons (Knecht and 
Hummel, 2004). Electro-olfactograms have been used to investigate a number of 
different aspects of the olfactory processes - the focus here is in relation to proposed 
mathematical models of olfaction. 
Models are discussed in order to understand chemoreception mechanisms and will be 
utilised for relating environmental exposure to neural response in the experimental work 
discussed in Volume 2, Empirical work. 
Occupation theory 
The neural responses of sensory systems, both olfaction and taste, often consist of an 
initial 'dynamic' element and a subsequent and prolonged stable 'steady state' 
component. The biological significance of the dynamic component is thought to be 
important in the discrimination of odorants. The biophysical basis for the appearance of 
the dynamic and steady state leads to many theories of chemoreception. One of the 
earliest theories, which was originally suggested for taste, is that of the 'occupation 
theory' (Beidler, 1954). Occupation theory suggests that "the magnitude of the response 
(from the chemical stimulus) is proportional to the number of receptor sites occupied by 
the stimulus molecules" (Maurin, 2002). Therefore, in relation to olfaction, the 'sites' 
are the olfactory receptors (ORs) and the 'stimulus molecules' are the odorant 
chemicals. 
In the above reaction, S is the stimulus chemical (i.e. the odorant), A is an available 
receptor site and (SA) the stimulus molecule-receptor complex, kl and k2 are the rate 
constants of the association and the dissociation respectively. The dose-response 
relationship between SAIAtot , where Atot is the total of available receptor sites and Sis 
non-linear. 
This model predicts that the response rises as the number of occupied sites increases, 
then remains constant during equilibrium conditions and then decreases exponentially 
as the stimulus is removed. In a series of experiments using salamanders and measuring 
resulting EOG responses to odorants, it was concluded that the dependency of the 
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odorant concentration and the time course of adaptation conformed to Beidler's 
occupation theory (van As et aI., 1985). The experimental results also suggested that 
there may be a conversion of the stimulus receptor complex from an active to an 
inactive form (van As et aI., 1985). The equation is claimed to 'fit well' with the 
concentration-response relation observed in many gustatory systems (Kamo et aI., 
1980). 
Rate theory 
A later theory called the 'rate theory' proposed that neural response was not related to 
the number of occupied receptor sites but to the rate of adsorption of the stimulus 
molecules at the olfactory receptor sites (Paton, 1961) cited in (Maurin, 2002). This 
theory states that the start of stimulation response occurs at a high level due to the fact 
that the receptor sites are free. As the number of occupied receptor sites increases the 
rate of adsorption decreases, leading to a steady level of response when adsorption and 
desorption rates are balanced. 
The theory can explain the time course of the initial 'dynamic' (rapidly changing) 
response of olfaction - however, the assumption that the response is proportional to the 
adsorption rate has been described as having "no reasonable basis" (Kamo et aI., 1980, 
Maurin, 2002) and could not be tested experimentally (van As et aI., 1985). 
Modified occupation theory 
A theoretical model, with its origins based on the occupation theory, has been 
subsequently proposed (Kamo et aI., 1980). This theory takes into account 'active' and 
'inactive' states in the relationship between the chemical stimulus and the receptor 
which can explain experimental data observed in chemoreceptor systems (i.e. taste and 
smell). In this model the reaction mechanism for the interaction between the stimulus 
molecules and the receptor sites is proposed that can account for the initial, dynamic 
component and the subsequent prolonged, steady component of chemoreception. 
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Where S is the stimulus chemical (i.e. the odorant), A denotes the available receptor 
sites and (SA)active is the active odorant-receptor complex which is successively 
transformed into an inactive complex (SA)inactive. The response is therefore assumed to 
be related to the number of (SA)active complexes. The active and inactive states are 
believed to be reversibly available to be stimulated by the interaction of the chemical 
(odorant) and the receptor. It is thought that there is a linear relationship between the 
numbers of occupied stimulus-receptor complexes in the active arrangement and the 
numbers of stimulus-receptor complexes in the inactive state. It is claimed that this 
model offers· an explanation for the time course of dynamic chemosensory response. 
The model is based on experimental data resulting from the neural responses in frogs to 
the application of calcium chloride (eaCh) to the tongue and the subsequent response in 
the glossopharyngeal nerve, the nerve responsible for relaying sensory messages from 
the tongue to the brain (Kamo et aI., 1980). 
Three simultaneous differential equations are derived from the system described above: 
dp d.i = klCq - (k_l + k2)P + k_2r 
dq 
d.i=-kICq+k_1P (3.1) 
dr 
-=k p-k r dt 2 -2 
Where C is the concentration of the stimuli, and p, q and r represent the fraction of 
(SA)active, A and (SA)inactive to the total number of receptor sites, (i.e. P + q + r = 1). The 
response is therefore assumed to be related to the number of (SA) active complexes. 
When a stimulus is applied (i.e. C = 0 ~ C = C at t = 0), the solution to the set of 
differential equations established on the above system is as follows; 
P =a1e-Wlt +a2e-
w2t + C (3.2) 
k_Ilkl +(1+k2Ik_2)C 
where P is the proportion of (SA) active of the total number of receptor sites, C, is the 
stimulus concentration, and a i and co i (i = 1, 2), are numerical parameters dependant on 
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the rate constants and on C. The steady state response is expressed as the third term in 
equation 3.2, which indicates that the response accords with the Beidler equation for 
taste (Kamo et aI., 1980). The Kamo model implies that the dynamic response reduces 
when application of the stimulus is decreased so that equation (3.3) follows (Kamo et 
aI., 1980). 
p+q+r=1 (3.3) 
The Kamo et aI., model fits well for the majority of observed responses exhibited in 
experiments carried out on salamanders (van As et aI., 1985). However, it has been 
suggested that the modified occupation model does not account for the existence of an 
'off-response' in olfaction where processes occur in opposition with each other, one 
turning on a response and the other turning it off (Maurin, 2002). 
Maurin's modified occupation model 
Therefore a further model was postulated, again based on occupation theory and, in this 
case, a kinetic model, presuming the existence of 'depolarizing8 and hyperpolarizing9 
stimulus chemical-receptor compounds'. The proposed model is thought to account for 
the most frequent responses (the depolarizing ones), the hyperpolarizing responses, for 
the off-responses and for the latent period in olfactory response (Maurin, 2002). A close 
inspection of the mathematical model proposed by Maurin has revealed inconsistencies 
in the quoted equations and a limited description of the theory, therefore this model is 
not considered to be suitable for the purposes of relating environmental exposure to 
neural response mechanisms. 
The mathematical model of Kamo et a!., is complex and realistic enough for our 
purposes, having 4 constants and is yet simple enough to give a measure of the response 
to a complicated signal. This model will therefore be utilised in this thesis as the basis 
for the receptor model developed in Volume 2, Chapter 11, Empirical work. It is worth 
bearing in mind that theoretical responses suggested and observed reactions noted in the 
8 Depolarization is a change in the cell membrane (electrical) potential, resulting in a more positive or less 
negative state. In neurons a large depolarization may lead to an action potential. 
9 Hyperpolarization is the opposite of depolarization, and inhibits the development of an action potential. 
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experiments above, relate to specific animals species. It is likely that due to species to 
species variability extrapolation to humans cannot be assumed. 
3.2.5 Neural pathways of olfaction 
Principally two nerves are stimulated during olfaction. The olfactory nerve, the first 
cranial nerve (CN 1), is concerned with the perception of odorants, whereas the 
trigeminal nerve, the fifth cranial nerve (CN V), processes the irritancy of the odorant 
(McGinley, 1999). The olfactory neurons of the olfactory nerve convey information 
regarding the odorant via bundles ofaxons that extend from the (OR) cells in the 
olfactory epithelium through the cribriform plate to the olfactory bulb, a small structure 
in the base of the forebrain where receptor input is integrated before being transmitted 
to areas of the brain such as the olfactory cortex, hippocampus, amygdale, and 
hypothalamus. Many of these brain areas are part of the limbic system that is concerned 
with emotional behaviour and memory (Engen, 1982). In addition to the olfactory 
neurons, the nasal cavity is innervated by nerve endings of the trigeminal nerve that are 
capable of detecting chemically stimulated sensations of irritation, tickling, pungency 
and burning; i.e. physiological responses. In addition, trigeminal nerve fibres mediate 
the mechanical sensations of temperature and pressure, as well as the perception of 
airflow during inhalation (Savic, 2001). Chemical stimulation of the trigeminal nerve 
often combines with stimulation of the olfactory nerve to produce sensations that form 
an overall perception of a chemical (Dalton and Jaen, 2010). Generally, most odorous 
compounds stimulate both cranial nerves, so there is also likely to be an interaction 
involving olfactory and trigeminal signals (Savic, 2001, Schiffman et aI., 2004). For 
example, low concentrations of ammonia produce a characteristic pungent odour; 
however, at higher concentrations ammonia may also elicit tingling or burning of the 
mucosa, which is the irritant component of the perception (Dalton, 2002). The majority 
of chemicals when present in sufficiently high concentrations are capable of eliciting 
irritation of the upper respiratory tract in addition to the sensations of odour. Because 
these two sensory pathways (olfaction and irritant) can be activated by a single chemical 
stimulus and are localised to the nose, workers often experience and report odour and 
irritation as a unitary perception (Dalton and Jaen, 2010). The limbic areas of the brain 
are responsible for emotional responses and memory, so that perception via the 
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olfactory nerve is described as being a psychological response to the smell (Gostelow, 
2000). 
Investigations into the ability of odorants (ethyl mercaptan, isoamyl acetate, phenyl 
ether) to awake the exposed when they are asleep have also been conducted. For odours 
that stimulate the olfactory nerve only i.e. have little or no irritant properties, it has been 
suggested that odour concentrations need to be about 20, 000 times the normal detection 
thresholds to wake 50% of sleeping persons (Amoore and Hautala, 1983). Odours that 
stimulate both the olfactory nerve and the trigeminal nerve (section 3.2.5, Chapter 3) i.e. 
possess irritant properties, are far more effective in rousing sleepers, leading to the 
suggestion that stimulation of the trigeminal nerve has the ability to excite the 
subconscious, bypassing the olfactory nerve in the process. 
3.2.6 Olfaction in the brain 
The processing of olfactory information from the olfactory neurons in the brain is 
highly complex, involving various areas of the brain. In basic terms, signals are 
transferred from the olfactory epithelium via the olfactory nerve, which is the first 
cranial nerve (CN I), to an area of the brain known as the olfactory bulb. The olfactory 
bulb also receives information from other areas of the brain such as the amygdala, 
neocortex, hippocampus, locus coeruleus, and substantia nigra. Therefore it is believed 
that the potential function of the olfactory bulb can be placed into four non-exclusive 
categories: 
• to increase the perception between odours 
• to enhance the sensitivity of odour detection 
• to filter out background odours in order to enhance the transmission of a few 
select odours 
• to allow higher brain areas involved in arousal and attention to modify the 
detection or the discrimination of odors. 
All of these functions could theoretically arise from the nerves entering and exciting the 
olfactory bulb, it is uncertain which, if any, of these functions are carried out 
exclusively by the olfactory bulb. The olfactory sense is not the only method to detect 
substances in the air as there is a second route via the fifth cranial nerve (CN V), also 
known as the trigeminal nerve. This nerve is stimulated by other neural endings in the 
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lining of the nose, detecting irritation by chemicals in the nose, producing sensations 
including tickling and irritation, burning, warming, cooling and stinging. Numerous 
odorous chemicals stimulate both these sensory systems. 
3.3 SENSITIVITY TO ODORANTS 
The difference in sensitivity to odorants between individuals is due to natural variation 
in the population - diversity in individual life experiences, due to certain medical 
conditions and age. These factors are discussed below. 
3.3.1 Natural variation 
In the general population there is a normal distribution in terms of sensitivity to 
odorants (McGinley, 2000). The sensitivity of the physiological response (i.e. the 
olfactory response to odours) varies considerably from person to person, something that 
can be expected from random variation in populations. Individual variations in both 
olfactory and trigeminal sensitivity is recognised and can arise from many factors, 
including genetics, age, sex, and general health and well-being and experience. For 
example, an individual's genetic profile determines what receptors are expressed and, 
thus, what can be detected via olfaction (Keller and Vosshall, 2004). Conditions such as 
allergies or chronic sinusitis 10 can lead to an individual being either less or more 
sensitive to the perception of odours and irritants. Sensitivity can also be poor for 
individuals who smoke or are in poor health (Griep, 1997). 
3.3.2 Differences in life experiences 
Psychological response sensitivity can be biased by the emotional undertones of the 
sensory stimuli at the exposed (Chen, 2005). The personality traits of an individual and 
emotional state during odour exposure can also influence perception (Chen, 2005). It 
has been demonstrated that beliefs about the safety of an odorant can have an effect on 
the subsequent perception of the odour (Dalton, 1996, Dalton et aI., 1997). In Dalton's 
clinical studies, groups of people were exposed to odours in a test chamber. One-third 
of test subjects (the positive group) were told that the odour was a natural extract used 
10 Sinusitis is inflammation of the lining of the sinuses, caused by a viral or bacterial infection. 
The sinuses are small, air-filled cavities behind the cheekbones and forehead NHS (2011) Sinusitis. 
[online] Available at: http://www.nhs.uk/conditions/Sinusitis/Pages/Introduction.aspx Accessed 26th Feb 
2011. 
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by aromatherapists; another third (the negative group) were told the odorant was an 
industrial chemical that purportedly caused health effects after long exposure; while the 
remaining third (the neutral group) were told the stimulant was a common, approved 
stimulus for olfactometry experiments. The positive group showed normal adaptation 
(section 3.4) over the test period, with the perceived intensity decreasing over time. 
However, the negative group rated the strength of the odour as being greater after an 
exposure of 10 minutes, which was illusory, as it actually remained constant over time. 
Overall, the negative bias group found the odours to be more irritating and had the 
greatest number and intensity of health symptoms, including nose, throat and eye 
irritation as well as light-headedness. 
Symptomatic response to perceived health risks has also been examined in a study of 
the behaviour, physical wellbeing and emotional state of persons in a room that 
supposedly contained odour but in reality did not (Knasko et aI., 1990). People who 
were told the room contained a malodour reported a more negative mood and more 
symptoms of discomfort than people told that the feigned odour was pleasant. This 
study, like those of Dalton, shows that cognitivell expectations about odour and 
irritation can influence sensory perception. The available evidence suggests that 
enhanced odour recognition can occur as a result of remembered or 'learned' 
experiences (Freeman and Cudmore, 2002). The impact of odours on health and well-
being is covered in more detail in Chapter 4. 
3.3.3 Medical conditions 
Certain medical conditions exist resulting in disorders of the olfactory system. It is 
important to appreciate that such disorders occur in humans and this information must 
be considered when one is investigating pollution episodes in relation to public health. 
Loss of human olfactory sensitivity can reduce people's enjoyment of f.ood and, if 
severe, has the potential to impinge on the ability to identify and respond to potentially 
hazardous odours, such as those emitted from spoiled food, smoke, or natural gas. 
Psychologists and neurologists have developed tests to measure one's ability to detect 
common odorants. Even though the majority of people are consistently able to identify a 
11 the mental processes of memory, judgment, and reasoning, as contrasted with emotional processes 
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wide range of odorants in the tests, others fail to identify one or more of the common 
smells. These defects in chemosensory, anosmias, are discussed below. 
Anosmia 
People suffering from anosmia (anosmics) cannot perceive odour as they have lost the 
ability to detect odours and have difficulty perceiving taste. According to the Anosmia 
Foundation, sinus disease, growths in the nasal passage, viral infections, the use of 
certain medications and head trauma can all cause the disorder, leading to temporary 
anosmia or in severe cases permanent anosmia. Anosmia can also have a congenital 
cause due to a problem in foetal pre-natal development and can be transmitted 
genetically. Anosmia is often limited to a single odorant chemical, (i.e. specific 
anosmia), suggesting that a specific aspect in the olfactory system, most likely a specific 
odorant receptor type, is absent. For example, approximately 1 person in 1000 is 
insensitive to the chemical butyl mercaptan, which has a distinct skunk smell (Whissell-
Buechy and Amoore, 1973). Mercaptans, both ethyl and butyl mercaptan, are the 
odorants added to natural gas to facilitate its detection during gas leaks. More serious 
cases of anosmia cause the sufferer to be unable to detect hydrogen cyanide (HeN) 12 . 
which can be lethal if inhaled (around 1 in 10 people). In conclusion, anosmia is not 
exceptionally rare and anosmics may lack the response that alerts the general population 
to the presence of natural gas, fires, chemical leaks and rotten food, a fact which should 
be recognised when dealing with pollution incidents (Anosmia Foundation, 2003). 
Hyposmia 
Hyposmia is a reduced ability, as opposed to a complete inability (see anosmia) to 
detect and perceive odours. This condition is believed to be the most common type of 
smell loss experienced by humans and it may occur following influenza, head traumas, 
or nasal allergies. Hyposmia has been classified into two major types: type 1 hyposmia 
manifesting in an impairment of smell at the olfactory epithelia, (i.e. odours cannot be 
recognised but can still be detected) and type 2 hyposmia, a quantitative impairment of 
smell, where odours can be detected and recognized but only at concentrations higher 
than normal (Merck Medical Dictionary, 2007). 
12 Hydrogen cyanide has a faint, bitter, burnt almond-like odour 
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Phantosmia 
Phantosmia (phantom smells) is a condition whereby sufferers perceive odours that do 
not exist. Phantosmia often results from damage to the nervous tissue in the olfactory 
system. The damage can be caused by viral infections, brain tumour, head trauma, 
surgery, and medication. Phantosmia is different from parosmia, in which a smell is 
actually present, but perceived differently from its usual smell (Gatcum and Jacob, 
2001). 
Parosmia 
Parosmia is an olfactory condition whereby an odour is actually present, but incorrectly 
perceived. Unexplained unpleasant smells are basic symptoms of this disorder. The 
smell can be perceived to be like burning flesh, vomit, fish or waste. This disorder can 
be caused by cold or accidental damage to the olfactory system (Bonfils et aI., 2005). 
Dysosmia 
When the sense of smell is distorted, making innocuous odours smell disagreeable 
(Merck Medical Dictionary, 2007). 
Hyperosmia 
Hyperosmia is a condition whereby the sufferer is oversensitive to smell and is not as 
common as loss of smell (anosmia). Pregnant women commonly become oversensitive 
to smell and it is believed that hyperosmia can also be a psychosomatic condition. 
Psychosomatic hyperosmia is likely to develop in people who have a histrionic 
personality, characterised by noticeable seeking of attention with 'affected' behaviour 
(Merck Medical Dictionary, 2007). 
It is important to recognise that these conditions may exist in populations when 
conducting the investigation of odour related incidents. 
3.3.4 Age and olfaction 
The ability to detect and identify odorants decreases with age (Larsson, 2000, Purves et 
aI., 2001). This age related decline has been documented for both the perception of 
odour and also for intranasal irritation (Dalton and Jaen, 2010). 
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Figure 3.4: Normal decline in olfactory sensitivity with age. The ability to identify 80 common 
odorants declines between 20 and 70 years of age. Source: (Murphy and Cain, 1986) 
The olfactory capacity progressively decreases after the age of approximately 50 years. 
The membranes lining the nose becOlne thinner and drier, and the nerves involved in 
olfaction deteriorate. Older people can still perceive strong smells, but perceiving subtle 
odours is more difficult (Merck Medical Dictionary, 2007). This was demonstrated in 
laboratory tests where healthy subjects were asked to identify common odorants and 
produced the following results (Figure 3.4). 
People between the ages of 20-40 years of age could typically identify approximately 
about 50-75% of the presented odours, whilst people aged 50-70 could only correctly 
identify approximately 30-45% of the odorants (Murphy and Cain, 1986) (Figure 3.4). 
3.3.5 Olfaction and taste 
Our senses of slnell and taste are closely linked and 75% of what we perceive as taste 
comes from our sense of smell. The false ilnpression that retronasally perceived odours 
are localised to the mouth is so dominant that it is not unusual to identify retronasal 
olfaction incorrectly for 'taste'. For exmnple descriptions of the ' taste ' of wine 
according to its 'fruity' character or 'spicy' quality are COlnmon, though gustation 
(taste) can only refer to the sensations of sour, sweet, savoury, salty and bitter. 
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Therefore what is actually being referred to as the 'taste' is the odour of the wine sensed 
retronasally (Small, 2005). 
3.4 OLFACTORY ADAPTATION AND SENSITIVITY EFFECTS 
As well as understanding the basic mechanisms of olfaction, it is also necessary to 
appreciate what other factors can affect an individuals' response or otherwise to odour 
in certain situations. The following sections explain the terms adaptation and olfactory 
fatigue and how these phenomena have the potential to influence an individual's 
sensitivity to odour and conversely desensitise a person to a particular odour. It is 
important to recognise that these situations exist, especially in relation to the 
investigation of odour incidents where subjects sometimes report that an odour has 
'disappeared' (i.e. they can no longer smell it) when in reality the odorants are present. 
3.4.1 Olfactory adaptation 
Adaptation to odours occurs when there is a sustained or repeated exposure to an 
olfactory stimulus leading to a decline in the sensitivity to that odorant (Dravnieks and 
larke, 1980). Adaptation can occur rapidly, often measured in fractions of a second and 
noticeably in a few seconds (Moncrieff, 1956). Recent work suggests that rapid 
olfactory adaptation can be measured (psychophysically) and occurs within 50-200 ms 
after the onset of the odorant stimulation, with the time scales appearing to be consistent 
with physiological measures of adaptation in olfactory receptor neurons (Smith et aI., 
2010). Recovery from olfactory adaptation occurs with time, ranging from seconds to 
minutes, depending upon the type of odorant, the concentration and the exposure time to 
the chemical (Keller and Vosshall, 2004). It has been estimated that if olfactory 
stimulation is in the region of a few minutes then this will cause a decline in the 
perceived sensation to approximately 30 - 40% of the initial perceived odorant strength. 
Even with increased inhalation by sniffing, and hence inhalation of more odorant, the 
perception becomes weaker despite the fact that odorant concentration is constant 
(Moncrieff, 1956). 
According to van As et aI., (1985), the relationship between adaptation to odorants and 
the chemical stimulus can be derived from the theory of Kamo et aI., (1980) (van As et 
aI., 1985). In adaptation studies, pairs of chemicals, of different stimulus duration, were 
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presented to the olfactory epithelia of salamanders. Different time intervals for the 
stimulation were investigated, the shortest interval lasting 1 s and the longest one lasting 
20s. The resulting electro-olfactograms (EOGs), which were recorded, suggest that the 
data are consistent with the prediction of the modified theory of Kamo et al. (1980) with 
respect the time course of adaptation (van As et aI., 1985). 
When adaptation is severe, olfactory 'fatigue' is said to occur and it is then not possible 
to perceive the odour anymore; i.e. the olfactory system is fully desensitised. Olfactory 
adaptation and olfactory fatigue may diminish both the perceived odour intensity and 
the perceived odour quality. The extent of adaptation/fatigue resulting from exposure to 
odorants depends on the odour concentration experienced and the duration of the 
exposure (Dalton, 2000). Less rapid adaptation times have been shown to occur when 
the odorant has irritant characteristics, in addition to odorous properties. The 
characteristics of olfactory adaptation have been described in several behavioural and 
psychophysical experiments, though the fundamental question of whether the adaptation 
process occurs in the CNS or has a peripheral locus remains unclear (Dalton, 2000). 
3.4.2 Sensitivity effects 
Another factor, other than those previously discussed in section 3.4.1, that can influence 
individual sensitivity to an odour is previous exposure to a particular odorant. This can 
affect sensitivity in two ways. The first, leading to desensitisation, is described in 
section 3.4.1. If the adaptation has been mild and short term, sensitivity can be 
reinstated by eliminating the odour source or by removing oneself from exposure. 
Conversely sensitisation, as opposed to desensitisation, can occur where an incident 
(acute exposure) or habitual exposure (chronic exposure) to a particular odorant affects 
a person's recognition threshold or acceptability threshold for the odour (New Zealand 
Government, 2003). In occupational settings, where the exposure to an odour can be 
chronic, desensitisation can be prolonged for a number of weeks after departure from 
the odour source (Amoore and Hautala, 1983). Olfactory adaptation and fatigue, and the 
resulting changes in desensitisation, explain why workers at or close to an odorous 
source are often not aware of its presence and cannot comprehend the complaints from 
neighbours that only receive intermittent exposure to the odorants (Schiffman, 1997). A 
conflicting effect occurs when there is repeated, although not continuous, exposure to 
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an odour, leading to increased sensitivity (Laska and Hudson, 1991). This may arise 
because those exposed become familiar with the odour and acquire an increased skill in 
identifying it (Gostelow, 2000). Sensitisation can also occur where an incident with 
significant adverse effects changes a person's threshold of acceptability for an odour 
(New Zealand Government, 2003). It is considered unlikely that olfactory fatigue is due 
to peripheral adaptation. Smell differs from the other senses in that it is discontinuous; 
with a rest period between successive inspirations and in this rest time the nerves may 
recover from their refractory state. 
3.5 PERCEPTION 
Olfaction, as described in section 3.2, is the process whereby odorant molecules 
stimulate olfactory receptors and subsequently stimulate areas of the brain. Perception 
then takes place and can be described as the process of acquiring, interpreting, selecting, 
and organising this sensory information, received from the environment, into what we 
describe as odours. The brain identifies the odour and then associates it, using memory 
and emotion, to give the impression of odour, this results in a positive or negative 
appraisal of the odour; a mechanism, which is believed to have its origins in the 
evolution of avoidance or approach. 
Acceptability can be influenced by presumed source/activity, whereas reigning cultural 
and social norms (as well as personal experiences) can contribute to learned responses. 
We are interested in negative, adverse responses such as annoyance or nuisance. 
Humans can influence to a certain extent how olfaction proceeds. 
3.5.1 Olfactory sampling 
Humans sample the atmosphere constantly during the inhalation of air whilst breathing. 
Air must reach the olfactory epithelium for olfaction to take place. It has been estimated 
that approximately 5 - 10% of air entering the nostrils reaches this area although 
individual variations in nasal morphology, probably affected by pathology, may affect 
this (Johnson et aI., 2006). When we inhale via the nose, air passes initially upward 
through a cavity just below the brain before passing down past the back of the mouth, 
through the trachea, and finally branching into the lungs. Olfaction occurs in humans 
when odorous volatile chemicals enter the nasal passages during the process of 
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inhalation and are processed by the olfactory bulb. Optimum odour perception is 
thought to be achieved with an inhalation rate of 30 I min-1 and a minimum duration of 
O.4s (Laing, 1983). It has been suggested that the interaction of odorant molecules with 
the available receptor cells becomes a limiting factor under these conditions. We inhale 
approximately 0.5 litres of air per second but we sample only around 5% of this air as it 
passes over the nasal mucosa (North, 1980). Sniffmg can increase this figure to as much 
as 20% (North, 1980). 
3.5.2 Sniffing 
Air can enter the nose via sniffing, which can be thought of as being a conscious forced 
inhalation of air. Sniffing is a mechanism which brings potentially odorous air into the 
nose, without transporting it deeper into the respiratory system, thereby allowing 
sampling of the odour without carrying any potentially irritant or toxic chemicals into 
the lungs (Mainland and Sobel, 2006). Humans can influence how much odour laden air 
and how fast this air reaches the olfactory epithelium during the process of inhalation. 
Work by Laing (1982), studying odour sampling behaviour in human subjects (n=23), 
demonstrated that individuals have distinct ways in which they sample odours in terms 
of inhalation rates and volumes, the duration of the sniffs and the number of sniffs taken 
in a given time (Laing, 1982). These different individual sniffing characteristics, 
considered comparable to fingerprints, were maintained, in those studied, regardless of 
the type of odour, the perceived pleasantness and the olfactory tasks undertaken when 
using; I-butanol (chemical odour), pentyl acetate (pear drops) and diethylamine 
(ammonia like odour). When the concentration of the odour was modified, three factors 
consistently fluctuated in the individuals in the experiment; the total number of sniffs, 
the total sampling time and the total sampling volume. The maximum rate of inhalation 
remained quite stable and was unrelated to odour type, concentration or its hedonic tone 
(Laing, 1982). 
This is quite a surprising find as it is commonly believed that inhalation rates are 
reduced in response to more concentrated or unpleasant odours. The findings of Laing 
(1982) have highlighted the fact that there is a requirement for further investigations of 
human odour sampling techniques (Laing, 1983). In addition, the design of olfactory 
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methods that are highly dependant on human sampling of odours needs to take into 
consideration the results of research in this area. 
The human sniff has a typical duration of 1.6 seconds, a volume of 500 cm3, and a mean 
flow rate of 27 l/min (Laing, 1983). The process of olfaction comprises both sniffing 
(an increased flow of air into the nose despite the existence of odour) and smelling (the 
perception of odour despite the flow of air in the nose). 
Perception is generally understood to reflect the latter, although it is largely dependant 
on the former (Mainland and Sobel, 2006). Strong evidence for this view was obtained 
by injecting odorant chemicals into subjects during 'apnea,13, meaning that the odorant 
chemicals are delivered to the olfactory epithelium via the blood stream not via the nose 
and no sniffing occurred. In this situation the subjects did not perceive any odour when 
sniffing was absent. Only when breathing was resumed via the nose or when an 
odourless chemical was injected into the nose to mimic a sniff did the subjects perceive 
the intravenous odour (Bocca et aI., 1965) as cited in (Mainland and Sobel, 2006). 
Therefore it is suggested that mechanical stimulation of the olfactory epithelium 
associated with odorant delivery was essential for perception to occur. 
3.5.3 Single and multiple sniffs 
Laing (1983) found that a single natural sniff offers up as much information about the 
presence and intensity of an odour as do a number of sniffs (Laing, 1983). The volume 
of air inhaled during sniffing was found to have no influence on perception, providing 
that at least 150cm3 - 200cm3 were inhaled. Laing (1986) stated that human subjects 
(n=18) are able to distinguish familiar and dissimilar odours in a single sniff of air. The 
shortest sniff duration for the subjects to achieve this was 0.42 seconds (Laing, 1986). 
Humans however tend to take a number of sniffs when they come across an odour, 
despite the suggestion that all necessary information is contained in the first sniff. This 
maybe because multiple sniffs assists odour recognition, especially when complex 
odours are encountered and multiple sniffs may also playa small role in determining the 
13 Apnea is the suspension of external breathing, where the muscles of respiration do not move and the 
volume of the lungs remains unchanged 
Helen Smethurst 
University of Surrey 53 
Chapter 3 - Olfaction and perception 
strength of an odour (Laing, 1983). Humans can also increase inhalation rates beyond 
the volume quoted above and this is thought to substantiate that the optimum response 
to the odour has been achieved (Laing, 1983). 
3.5.4 Odorant specific sniffs 
It has also been found that sniffs are odorant specific, there being an inverse relationship 
between the force of a sniff and odorant magnitude. Unpleasant and intense odorants are 
sampled, with restrained sniffs, whereas pleasant and mild odorants are sampled with 
forceful sniffs (Laing, 1983, Walker, 2001). This feature of sniffing 'vigour' is suitably 
typecast so as to be used as a clinical diagnostic tool for measuring disturbances in 
olfactory functioning (Johnson et ai., 2006). Experimental results from such studies 
above have helped in the development of olfactometry techniques by providing 
information necessary for the improvement of standard procedures for measuring the 
responses of humans when presented with odours in a laboratory setting. Indeed, further 
work in this area has been carried out in order to evaluate the sniff and its importance in 
olfactory experiments (Johnson et ai., 2006). 
3.6 OLFACTORY SENSITIVITY 
Olfactory sensitivity (i.e. the lowest concentration at which a person is able to detect an 
odour) is only one dimension of one's olfactory capacity. Other factors include the 
ability to identify the odour perceived and the ability to distinguish one odour from 
another. Odour perception demonstrates extreme variability and researchers have 
identified a multitude of factors that contribute to olfactory sensitivity including gender, 
smoking, health and age (Gilbert, 2008). 
3.6.1 Absolute sensitivity 
The ability to stimulate the human sense of smell varies from odorant to odorant over a 
number of orders of magnitude (Amoore and Hautala, 1983, Cain, 1988). Particularly 
potent odorants, such as some of the mercaptans and amines and vanillin, require only 
one part per trillion of air to trigger olfaction, which appears to be the theoretical limit 
of sensitivity (i.e. a sensitivity of one molecule per receptor). Differences in molecular 
size and shapes alter the threshold of olfaction and this appears to be related to the 
solubility of molecules in the mucus of the olfactory epithelium and the availability of 
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receptor cells in the olfactory epithelium (Cain, 1988). It has been suggested that 
olfactory sensitivity is inherited. This was tested in a series of experiments using adult 
male twin pairs (n=97) (Hubert et aI., 1980). Olfactory sensitivity to acetic acid, 
isobutyric acid, and 2-sec-butyl-cyclohexanone was tested in the twins to verify the 
degree to which differences in odour perception were genetically determined. Analysis 
of the data revealed no evidence that olfactory sensitivity is inherited. However, factors 
significantly associated with odour perception included all types of smoking (cigarette, 
pipe and cigar), body fatness, alcohol consumption and diabetes mellitus (Hubert et aI., 
1980). 
3.6.2 Differential sensitivity 
The olfactory system in humans has the ability to detect very small amounts of odorants 
in the atmosphere (i.e. is extraordinarily sensitive, as explained above), yet the system 
can only resolve differences in concentration/intensity of approximately 10% or greater 
(i.e. is unreliable in detecting small changes in the amount of odorant). Cain (1989) 
suggested that differential sensitivity was due to fluctuations in the stimulus rather than 
changes in the odorant concentration. It has been suggested that the more complex an 
odour, the more difficult it is to name and also to identify the individual components of 
the resultant odour. A study demonstrating this suggestion involved a mixture of three 
or more odorants being presented to a number of people (Laing and Francis, 1989). The 
odours chosen each had a distinctive smell (e.g. odours such as spearmint, clove and 
almond where used), therefore rendering them easily recognisable. The results showed 
that less than 15% of the people tested could only identify one of the odorants present in 
a mixture and identification of 3 to 4 components was the limit even for trained experts 
(perfumers and flavourists). The system is also highly sensitive, being able to perceive 
chemicals at concentrations below the limit of detection of virtually any analytical 
instrument (Amoore and Hautala, 1983). The actual number of odorants that the 
olfactory system can detect has been the source of much debate and is often quoted to 
be in the thousands or even tens of thousands, although the origin of these numbers is 
not clear (Gilbert, 2008). 
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3.7 FUNCTIONAL PROPERTIES OF OLFACTION 
Olfaction occurs in a number of stages, the conduction of air to the receptors, 
recognition of the odorant molecules by the receptors and the coding of the neurones. 
Issues concerning the dynamic and functional capabilities of olfaction are also be 
discussed here, including perceived odour magnitude, the discrimination of intensity, 
the processing of odorant mixtures, adaptation and the interaction with other 
chemoreceptive modalities. 
3.7.1 Reaction times 
The time for humans to react to odours is generally around 500 ms (milliseconds) 
(Wells, 1929) cited in (Cain, 1988). A number of studies have investigated olfactory 
reaction times, although it is difficult to compare the results due to the wide variety of 
odours that were used in the tests, the concentration variations and the fact that odour 
intensity matching was often unresolved, meaning that relative strengths of the odours 
was not taken into consideration. If odours are present in low concentrations then the 
reaction time can be longer and exceed a second - i.e. reaction time is dependant on the 
odour concentration (Jacob and Wang, 2006). Reaction times are greater than could be 
expected from estimating the combined length of time a molecule would take from its 
transport into the nose, reaching the receptor and the subsequent stimulation of the 
nervous system. 
It has been suggested that the time discrepancy is due to the transfer of molecules 
through the thickness of the mucus lining (10 - 70 ~m) to the olfactory receptors (Cain, 
1988). It has also been suggested that reaction times to odorous chemicals that 
additionally have irritant characteristics, where the latency of the irritation exceeds the 
perception of odour, could be due to the differences in depth between the two different 
types of nerve endings, with olfactory receptors being approximately 70~m deep and 
the nerve endings of the trigeminal nerve, responsible for irritation being 11 O~m deep 
(Cain, 1988). 
3.7.2 Cognitive properties of olfaction 
The identification of odours relies heavily on the ability to retrieve labels for well-
known odours from memory. Gaining the skill to associate labels with smells does 
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occur slowly, possibly due to the 'holistic' nature of encoding of an odour. However, 
humans can build up large 'odour memory banks' over a life time. In the identification 
of common odours, women do slightly better than men and the young do better than 
older people (Cain, 1988). In terms of detection rates, women appear to be quicker at 
detecting both pleasant and unpleasant odours (Jacob and Wang, 2006). There are a 
number of reasons why these disparities are observed, including previous odour 
experience, the inability to retrieve a label from memory or the failure of verbal 
encoding. Encoding and retrieval generally deteriorates with age, from middle age 
onwards (Cain, 1988). 
Key studies in olfaction relate to the establishment of structure-activity relationships 
between odorant chemicals and how the changes in the molecule shape, size and 
chemical functions affect responses in human subj ects. Such work has been undertaken 
in an attempt to predict response, usually detection, of homologous chemicals 
(Cometto-Mufiiz and Abraham, 2008, Cometto-Mufiiz and Abraham, 2009). 
3.7.3 Discriminating odours in mixtures 
Olfactory stimuli often comprise many constituent chemicals, only some of which may 
be relevant to the resulting odour that is perceived. Odours from common products such 
as brewed coffee, perfumes and cigarette smoke, for example, consist of hundreds or 
even thousands of components which go to make up the odours that we perceive. In a 
small number of examples a natural product may derive its odour primarily from a 
single constituent. One example of this is the odour of 3-methoxy-3-isobutyl pyrazine, 
which comes from the green bell pepper. The threshold for this chemical is 
approximately 1 part per trillion, meaning it is categorised in one of the most potent 
chemical classes. The odorants in this class, if present even in trace amounts in a 
chemical mixture, will dominate the odour given off. 
Chemical mixtures consistently smell less intense than the sum of the intensities of the 
constituents (Cain, 1988). Ruth (1986) suggested that the mixing of odorant chemicals 
can lead to a number of possible scenarios such as 'addition' effects, 'synergistic' 
effects, counteraction effects and independence (Ruth, 1986) (see Figure 3.5). 
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INDEPENDENCE 
RAB = RA or RB 
ADDITION 
RAB = RA + RB 
SYNERGISM 
RAB > RA + RB 
COUNTERACTION 
RAB < RA + RB 
Where RAB = odour threshold of mixture of chemical A and chemical B 
RA = odour threshold of pure chemical A and 
RB = odour threshold of pure chemical B 
Figure 3.5: Mixed chemical odour relationships. Source: adapted from (Ruth, 1986) 
During inhalation, humans sample a vast number of odorants and odorant mixtures on a 
daily basis. However we have a limited capacity to identify the individual components 
in the mixtures we are exposed to (3 to 4 component odours). The results of a number of 
studies suggest that the human olfactory system has evolved to differentiate only 
between this small number of significant stimuli and merely to simplify the 
accumulation of other available olfactory data during the second/seconds that is 
necessary to identify a multi-component odour mixture, rather than to be responsive to a 
large range of odours (Laing and Francis, 1989, Livermore and Laing, 1998). Studies 
have also demonstrated that odours considered relevant for reactions to occur are those 
that are more intense, familiar and unpleasant (Livermore and Laing, 1998). 
The explanation for this limited amount of discrimination seems to be determined by a 
physiological barrier, which possibly reflects the way in which odours are encoded, 
inhibits the perception of more than four components in complex mixtures. However, 
this apparent inability may in contradiction reveal an extremely efficient neural 
encoding mechanism which makes possible the rapid discrimination and identification 
of multi-component odours in the environment (Livermore and Laing, 1998). 
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3.7.4 Discriminating between pleasant and unpleasant odours 
Experimental data seem to support the suggestion that humans acquire the ability to 
determine if a particular odour is pleasant or unpleasant (hedonic tone), rather than 
being born with this capacity. Research in this area has found that reactions related to 
pleasantness and unpleasantness occurs early in young organisms, continuing to develop 
during the first 10 years of life. Conditioned aversions to odours arise due to past 
experience. The perceived pleasantness of an odour will strongly rely on the context of 
the exposure to the odorant; e.g. a cheesy smell may be perceived as pleasant in one 
setting and repulsive in a different situation (Cain, 1988). 
The reaction time of subjects when asked to perform simple tasks whilst exposed to 
pleasant and unpleasant odours have been investigated (Millot et aI., 2002). Regardless 
of the hedonic tone of the odour, reaction times to visual and auditory stimulations 
were found to be 'significantly decreased' when compared with the times from a non-
odorous environment. The duration of exposure to the odour and the perceived intensity 
were also thought to have an influence on human behaviour and reaction times. 
The human olfactory system responds differently to pleasant and unpleasant odours, 
with adaptation occurring quicker with exposure to mal odours rather than to pleasant 
smells. In addition, the olfactory system appears to be more sensitive to stimulation by 
unpleasant odours than pleasant ones (Jacob et aI., 2003). These two features of the 
human olfactory system appear to be counterintuitive. However, it is argued that 
constant exposure to a malo dour will lead to rapid adaptation until the malodour ceases 
to be perceived. A subsequent increase in the malodour concentration will, though, be 
detected very quickly, as adaptation wanes and sensitivity recovers (Jacob and Wang, 
2006). The system also tends to treat malodours as a group of smells rather than 
distinguishing them as individual smells, as occurs in pleasant odours. It has been 
inferred that the olfactory system has evolved by developing these specific responses to 
unpleasant smells as a warning sign for exposure to poisons and toxins. 
3.8 CONCLUSIONS AND IMPLICATIONS 
A basic understanding of olfaction and perception is crucial when dealing with odour 
incidents and should be taken into account when determining the appropriate approach 
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for an incident. Exposure to odour is only one aspect of the perception process, so 
therefore it is necessary to be aware of the mechanisms of physical and psychological 
responses. 
Models of chemoreception were considered in this chapter in order to relate odour 
exposure to potential neural response processes and rates. This area of research has been 
considered in animal experiments, although the simple mechanisms described are more 
than likely to be applicable to humans. It is what we as humans 'do' with the 
information once in our brains that marks us as different from other animal species. The 
models considered and discussed in this chapter are employed in Chapter 11, Empirical 
work, in order to suggest neural response rates depending on potential odour exposure 
patterns experienced in different environmental settings. 
As set out in the chapter, responses to odour can vary between subjects. Odour 
perception demonstrates extreme variability and researchers have identified a multitude 
of factors that contribute to olfactory sensitivity, including gender, smoking, health and 
age. Odour perception decreases with age and has been shown to be different in men 
and women. Moreover, factors significantly associated with odour perception include 
all types of smoking, alcohol consumption and diabetes mellitus. Humans are not 
particularly good at identifying the individual components in odour mixtures however 
odours that are more intense, familiar and unpleasant appear to be recognized the best. 
Both sensitisation and desensitisation, as in olfactory adaptation and fatigue, can affect 
the way people respond to odour incidents. It is therefore important to be able to relate 
the response to a certain odour to the demographics of the response group. Specific 
questions relating to population demographics have been included on the Odour 
Complaints Checklist in relation to this issue (Chapter 10 Odour and health protection 
issues). 
The olfactory system appears to be more sensitive to stimulation by unpleasant odours 
than pleasant ones and subsequent increase in the malodour concentration will be 
detected very quickly as adaptation wanes and sensitivity recovers. 
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The trigeminal perception of odours was considered in this chapter, noting that odorants 
stimulating the fifth cranial nerve can cause effects such as irritation, tickling, burning 
and stinging; i.e. physiological responses. However, there are situations where odorants 
are found to be at concentrations below the irritant level yet eliciting 'health' 
complaints. In addition, there are odours that are perceived and yet do not possess 
irritant properties (i.e. only have odorant properties) but are reported as 'causing' health 
complaints. These situations are addressed in the next chapter, Chapter 4, The impact of 
odours on health and well-being. 
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CHAPTER 4 
4. ODOUR IMPACTS ON HEALTH AND WELL-BEING 
4.1 INTRODUCTION 
This chapter continues from Chapter 3, 'Olfaction and perception', and discusses the 
evidence for what transpires after odour perception has occurred; e.g. potential 
physiological and!or physical outcomes after exposure. The primary focus is on 
exposure to odours at low doses, such as those encountered in environmental settings, 
rather than at concentrations associated with toxic effects, although some are discussed. 
This includes a discussion of the hypothesis of the 'odour concentration gradient' and 
investigates how odours have the potential to become annoying and! or a nuisance to 
those exposed. The discussion presents the findings of a literature review that considers 
the scientific evidence of health and well-being outcomes from exposure to odours and 
additionally examines suggested mechanisms by which odours are thought to give rise 
to health effects. The review focuses on odour being the suspected cause of the outcome 
rather than the toxicological effects of the chemicals themselves. Many odorous 
compounds are indeed toxic at high concentration and, in extreme cases of acute 
exposure toxic effects such as skin, eye or nose irritation can occur. Such effects are 
most likely to occur as the result of industrial accidents, as in the rupture of storage 
tanks containing toxic compounds or where process systems malfunction in chemical or 
combustion industries, and will not be discussed further here. 
4.2 IMPACTS OF EXPOSURE TO ENVIRONMENTAL ODOUR 
Odorants present in the external environment, (i.e. outdoors) may result in a range of 
effects after perception has occurred ranging from an appreciation of the odour through 
to annoyance and nuisance, and can ultimately lead to acute and chronic health effects. 
For the majority of these exposures, it is the toxic characteristics of the odorants that 
cause the health effects rather than the perception of the odour. Guidelines and exposure 
criteria limits are set for these compounds because the chemicals are also toxic. Chapter 
7, Criteria for controlling odours, discusses the control of these toxic and odorant 
chemicals in more detail. 
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For the purposes of this dissertation and particularly this chapter the World Health 
Organisation's (WHO) description of health is used as a starting point for determining 
impacts. The WHO, being the chief authoritative body with regard to health globally, 
defines health as; "a state of complete physical, mental and social well-being and not 
merely the absence of disease or infirmity" (WHO, 1946). 
4.2.1 The odour concentration gradient 
The process of olfaction and perception of odorants, through to impacts on health and 
well-being is complex, as it involves numerous stages and factors. In additional, the 
words that describe the elements of this process, such as 'annoyance' and 'nuisance', 
are often imprecise and lack formal definition. In an attempt to clarify the process, a 
simple flow chart called the 'odour concentration gradient' has been suggested 
(McGinley, 1999). It is proposed that when an individual is exposed to an odour, which 
can be composed of a mixture of different odorants, each particular odorant abides to 
traditional toxicological paradigms. If the odorant has toxic properties, the trigeminal 
neural pathway is stimulated and health outcomes can occur, being determined by the 
concentration of the chemical and the duration of exposure (dose, duration and 
frequency) (McGinley, 1999). Secondly, the perception of the odorants follows the 
olfactory neural process. With increasing concentration (hence the term 'concentration 
gradient') it is expected that the exposed will be able to detect the odour at the detection 
threshold (DT) or odour threshold (OT), as it is sometimes known, through a simple 
dose-response relationship (Figure 4.1). 
No 
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Figure 4.1: Individual dose-response odour concentration gradients. DT = odour detection 
threshold, R T = odour recognition threshold, AT = annoyance threshold, HT = health threshold. 
All thresholds will vary from individual to individual as well as from odorant to odorant. 
Helen Smethurst 
University of Surrey 
Source: (McGinley, 1999). 
63 
Chapter 4 - Odour impacts on health and well-being 
DTs or OTs for odorous chemicals are usually quoted at concentrations where 50% of 
the population detect the odour (Chapter 2, Odorants and odour). 
4.2.2 The odour annoyance model 
Moving up the concentration gradient, there may come a point where the exposed, 
either individuals or an entire population, become annoyed by the odour (Figure 4.1). 
This has been termed the 'annoyance threshold' (AT) (McGinley, 1999). Annoyance 
has been defined as 'a feeling of displeasure associated with any agent or condition 
believed to affect adversely an individual or group' (Lindvall and Radford, 1973). The 
AT for one person may well be different to another. In addition, a person may not 
consider an odour annoying if exposed to an odour that he or she associates with a 
natural occurrence, such as farming. On the other hand, an odour is more likely to cause 
annoyance if associated with an activity such as land-filling or sewage treatment 
(Freeman and Cudmore, 2002). 
In theory, the AT may possibly be below or above the RT. The position of the AT on 
the concentration gradient is dependent on the odour quality and the odour intensity. 
Individuals will also display different ATs depending on the factors discussed in 
Chapter 3, Olfaction and perception; i.e. general health, age and previous exposure to 
that odour. Another threshold on the odour concentration gradient is the 'health 
threshold' (RT). This point is said to be where an individual begins to show some 
adverse health response, such as a headache or nausea (McGinley, 1999). The RT 
depends on the individual's health history, their body mass, and the condition of their 
immune system. The degree of health effect will lie somewhere on a 'health index' for 
this individual. This simple model is a useful starting point to discuss the impact that 
odours can have on health and well-being, although it has been argued that further 
research is needed to reveal other factors that influence the health threshold (McGinley, 
1999). These other factors are considered in the review of published literature in Section 
4.3. 
4.2.3 Odour nuisance 
Figure 4.1, as already stated, is a rather simplistic model; however it does attempt to 
illustrate the complex process from odorant exposure to annoyance. The model has been 
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developed further to include the onset of what is considered to be odour 'nuisance'. 
Prolonged and continued exposure to annoyance from a particular odour has the 
potential to lead to nuisance to those exposed and may lead to the filing of complaints to 
regulatory bodies (McGinley, 1999, Van Harreveld, 2002). The factors which determine 
nuisance and hence contribute to impact on communities are commonly known by the 
acronym FIDO, referring to the Frequency of exposure, the odour Intensity, the 
Duration of the odour episode and the odour character or it's Offensiveness, which all 
contribute to odour becoming a nuisance. Other factors that have been suggested as 
contributing to the impact and odour nuisance are the Location of those exposed (Le. 
type of land use) and the sensitivity of the Receptor (i.e. tolerance to the odour). It is 
therefore not uncommon to see the acronyms FIDO(L) or FIDO(R) used in the context 
of odour nuisance. 
In terms of the FIDO factors, odour character and intensity have been discussed in detail 
in Chapter 2, Odorants and odour, and refer to the offensiveness of the odour and its 
strength. The duration aspect of FIDO, refers to the time elapsed between each odour 
episode, whereas the frequency refers to how often an individual experiences the odour 
episodes. The more frequent the infringement into the person's life, the' more 
aggravating each experience becomes. 
There is a scarcity of information available about the impact of odour nuisance on the 
physiology of humans. This is because the resulting health effects are difficult to 
measure and the conditions are often non-specific in the clinical sense; i.e. the 
symptoms can arise from other causes. It has been shown, however, that prolonged 
exposure to environmental odours can cause undesirable responses in individuals, 
including, anger, distress, misery, nausea, headaches and vomiting. Other effects 
reported by those exposed to environmental odours include breathing difficulties, stress 
and anxiety, loss of appetite and reduced quality of life (Freeman and Cudmore, 2002). 
The impact of odour nuisance and health effects is assessed in the literature review in 
Section 4.3. 
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4.2.4 Measuring odour nuisance 
Attempts have been made to develop a standardised method for measuring 'annoyance 
potential' that could lead to predictions of odour nuisance in a population and the 
manifestation of the conditions described above. However, due to the complexities of 
odours and perception previously explained in Chapters 2 and 3, this method looks to be 
some way from being finalized or implemented (Van Harreveld, 200 1). Any such 
system must be applicable for a wide range of environmental odours and be able to be 
applied in a transparent way for all odorous industries. Industrial standards to prevent 
odour nuisance simply do not exist, although work to assess the different types of odour 
that may be more annoying and offensive than others is underway in The Netherlands 
(Van Harreveld, 2001); e.g. comparing sewage smells with food industry odours. The 
regulation of odour events in terms of nuisance is considered in Chapter 6, The 
legislative and regulatory control of odours. Odour is defined as a statutory nuisance in 
the UK and Chapter 7, Criteria for controlling odours, details how the FIDOL factors 
are used in directly tackling odour as a nuisance. 
4.3 LITERATURE REVIEW 
There is a large volume of published studies, describing the various reported impacts 
and effects that exposure to environmental odour can have on the health and well-being 
of humans. In general terms, these experimental or epidemiological studies describe the 
response as reported by individuals to odour exposure in terms of symptoms 
experienced and therefore lack objective measures. In addition, no single study 
addresses all the potential parameters of odour nuisance and health effects with respect 
to low dose exposures, which is understandable given the complexities surrounding this 
subject. Despite these issues, a number of researchers have conducted studies in this 
area, restricting themselves to a limited number of the FIDOLIR factors discussed in 
order to tease out some explanations for the impacts reported. This review groups the 
studies together as effects of exposure to environmental odours in Section 4.3.1, and 
considers the research according to the factors studied. The potential mechanisms by 
which odours may give rise to health effects have also been reviewed and are assessed 
here in Section 4.3.2. 
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4.3.1 The effects of exposure to environmental odour 
A considerable body of literature has been published regarding the impact that 
environmental odours can have on the health and well-being of humans, covering a 
broad range of environmental scenarios. In recent years, there has been a focus on 
particular industrial sectors; e.g. extensive studies in The Netherlands on the odorous 
emissions from extensive agricultural practises have been completed, whereas in other 
parts of the world the focus has been on waste management practises, including landfill 
(Italy and the UK) and composting (US). 
The relationship between exposure to odour and annoyance 
Studies undertaken in The Netherlands on a sugar refinery and a tobacco factory 
identified a significant degree of association between environmental odour, specifically 
malodours, and odour annoyance (Cavalini et aI., 1991). The authors state that 
predicting annoyance in populations is improved when air dispersion modelling is used 
rather than merely classifying areas and hence populations as being 'polluted' or 
'unpolluted'. The studies used two different dispersion models, which were not outlined 
in any detail, that were used to estimate the dispersion of the 'malodour' utilising odour 
emission data and metrological conditions. The authors compared the correlation of 
responses from questionnaire data with either long term average (annual) or hourly 
average odour concentration. They did not investigate exposure to short-term odour 
fluctuations in terms of annoyance. In conclusion the authors suggest that annoyance is 
related to odour exposure on a long term basis rather than in the short-term (Cavalini et 
aI., 1991). In this study the short term is the hourly average concentration, whereas the 
long term is defined as annual average. 
The authors conclude that the model that made use of the average meteorological data 
and hence predicted average exposure from odour concentrations was superior to the 
second model predicting what they call 'momentary' exposure. The authors define 
'momentary concentrations' as 'concentrations, which actually were present, given the 
actual meteorological conditions' . The authors point out that meteorological 
fluctuations, and therefore odour concentrations, may well be high within a 1 hour 
period and although this is the time frame that the dispersion model uses. 
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A study conducted in Gennany to relate the frequency of industrially generated 
environmental odours ( detennined from field studies) to annoyance (using 
questionnaires) revealed a significant association between odour exposure and the 
degree of annoyance (Steinheider and Winneke, 1993). The research addressed odour 
from a variety of industrial sources, including a chemical plant emitting sulphur 
compounds, an iron/steel plant emitting hydrogen sulphides and a sugar refinery 
(Steinheider and Winneke, 1993). This study also considered the subject of 'coping' 
mechanisms or behavioural strategies of those exposed to environmental odours and the 
associated level of annoyance. High scores in terms of 'problem-oriented' coping (i.e. 
where the odour is considered to be an issue for the exposed) revealed high levels of 
annoyance. In contrast, 'avoidance' coping behaviours (i.e. withdrawing from the 
situation) generally reduced the degree of annoyance. These findings deviate from those 
of Cavalini et al., 1991, who concluded that employing, avoidance coping behaviours 
increased levels of annoyance (Cavalini et aI., 1991). The discrepancy in the two studies 
could be due to the fact that different countries and hence cultures were investigated. In 
addition the small sample size (n = 112) in the Steinheider study may not have been 
representative of the community exposed. The type of industries studied may also have 
had an influence on the findings as one person may be annoyed by a particular odour 
whereas another person may not be. 
Following on from his earlier work in this area, Cavalini carried out some further 
studies close to a number of different types of industrial sites emitting odorous 
chemicals (a sugar refinery, a tobacco factory, a mushroom manure site and a cattle 
fodder plant) (Cavalini, 1994). The relationship between exposure to odour 
concentrations as estimated by dispersion modelling and the resulting annoyance was 
investigated. The exposure was defined as a long-tenn average and the resulting 
annoyance collected from questionnaire data. The dispersion model seemed to predict 
the annoyance fairly well (correlations of odour concentrations and resulting annoyance 
were approximately 0.35). The degree to which the exposed considered malodours as 
being hazardous to their health appeared to be a comparatively robust predictor of 
annoyance. Additionally, the consequences of long-tenn low exposure were comparable 
to the effects of short-tenn high exposure, with exposure being measured as a product of 
odour concentration and duration of exposure (Cavalini, 1994). The author defines long-
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tenn in this study as a period of 4 months and the short-tenn 1 hour averages. The study 
found that annoyance levels were increased when the offensiveness of the odour was 
considered to be greater; despite the fact that measured odour concentrations were 
similar. Cavalini suggests that longitudinal studies are required in order to research sub-
irritant levels of odours and response amongst the exposed. It has been recommended 
that such studies should take place over at least ten years (Cavalini, 1994). 
A study conducted to relate the relationship between exposure to environmental odours, 
odour annoyance and, in this case, the reporting of health symptoms, concluded that 
there was a direct association with a person being annoyed and reporting health effects 
(Steinheider et aI., 1998). Two different odour sources were studied, an industrial plant 
making fertilizer for the growing of mushrooms and a pig rearing facility. In both 
studies, personal interviews and questionnaires (n=250 for study one and n=322 for 
study two) were used to assess 'odour effects'. In the first study, distance from the 
industry was used as a surrogate measure of odour exposure. It was concluded that 
increasing proximity to the plant led to an increased level of annoyance and an 
increased rate of symptom reporting. In the second study the frequencies of odour 
incidents (detennined from field observations) were used as an index of exposure. It 
was concluded that the amount of annoyance and the rate of reported health symptoms 
(nausea, vomiting and loss of appetite) both increased with increasing exposure to 
odour, an evident dose-response relationship, although not to the degree found in the 
first study. The authors conclude that; "The meaning of these observations in tenns of 
environmental stress and potential long-tenn health-outcome still remains to be 
elucidated, however." (Steinheider et aI., 1998). 
In a later study of the same investigation, Steinheider considered the degree of 
association between exposure to environmental odour, annoyance, somatic symptoms 
and the perceived health of individuals, as ascertained from the interviews and 
questionnaires (Steinheider, 1999). It was again concluded that a high degree of 
annoyance caused an increasing frequency of somatic symptoms, with the degree of 
annoyance increasing with proximity to the site. The incidence of somatic symptoms 
were directly related to odour exposure and additionally mediated by annoyance. It was 
also suggested that the odour quality (i.e. the offensiveness of the odour) might be a 
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predictor of odour annoyance. There was some evidence from the studies to suggest a 
causal relationship between odour exposure and respiratory complaints although the 
author states that the reported frequency was 'small' (Steinheider, 1999). It was also 
discovered that the degree of annoyance increased, as did the frequency of reported 
somatic symptoms, if people perceived that they were already suffering from poor 
health. This study, in accordance with others, found that older members of a community 
are less likely to complain about environmental conditions (Cavalini, 1992, Steinheider, 
1999). 
The reporting of health symptoms and its relationship with odour annoyance near two 
sources, a sugar beet factory and a tobacco factory, were investigated (Cavalini, 1992). 
Dispersion models were used to measure the average odour concentrations and hence 
odour exposure. Results indicated that exposure to higher concentrations of odour led to 
higher levels of annoyance and odour annoyance was positively related to health 
complaints. There was no direct association, however, between exposure and the 
reporting of health complaints. This was argued to occur because annoyance is the 
intervening variable between exposure and health complaints (Cavalini, 1992). This 
suggestion corresponds to the annoyance model advocated by McGinley (McGinley, 
1999). 
In another study, investigations were undertaken in a laboratory using human assessors 
in order to attempt to develop expressions relating population responses to a range of 
odour concentrations from sub-threshold to supra-threshold levels; i.e. dose-response 
experiments (Nicell, 2003). The responses were expressed in terms of the probability of 
odour detection, the likelihood of odour discrimination and the degree of annoyance. 
The author claims that odour threshold is not a good measure of odour 
concentration/dilution as it fails to explain the variety of responses observed in 
individuals. Traditionally, odorous gases are described in terms of odour thresholds, 
where 50% of an odour panel can sense the presence of the odour. These assessments 
are based on the dilution-to-threshold concept, whereby the odorous gas is diluted to the 
concentration equivalent to the 50% panel response level. This concentration, which is 
equal to that of the odour threshold, is often referred to as one odour unit (lou). The 
higher the odour concentration the more dilutions are required to achieve the threshold 
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concentration. It is thought that thresholds fail to represent other characteristics of odour 
that demonstrate their potential for causing impacts (e.g. persistence and odour quality) 
and that these factors should also be considered as measures of annoyance in odour 
impact models (OIM) (Nicell, 2003). The expressions developed were based on the 
results by human assessors of the odours at various concentrations in relation to the 
corresponding annoyance experienced when exposed to six pure chemicals. The 
expression for probability of detection is quoted as; 
p= 100 
1 + {C / C)(1-P)1 P' ~ 50% 
(4.1) 
where P is the probability of response in %, p is a variable relating to 'persistence', p' 
is the intensity of the persistence, CSO% (odour threshold) and C are units of 
concentration. 
A= 10 
1+{C /C)O-a)la' ~ 5au 
(4.2) 
Where A is the degree of annoyance (in 'au') and Cau corresponds to the odorant 
concentration where the population annoyance has a value of Sau. CSau is equivalent to a 
threshold, A is a measure of the annoyance over a range of odorant concentrations and a 
is the persistence of the annoyance. The expressions were evaluated and found to 
illustrate dose-response trends fairly accurately. It was claimed that estimates of the 
probability of population response and the degree of annoyance can be obtained for the 
local community by using the dose-response curves and dispersion modelling (Nicell, 
2003). Therefore an improved understanding of odour impact on the local community 
can be achieved leading to more effective regulation using the expressions, given as 
equations 4.1 and 4.2. 
The relationship between hedonics, perceived intensity and annoyance 
The following studies investigate the relationship between hedonics, the pleasantness or 
unpleasantness of an odour, and the annoyance in the population. The first study also 
considers the odour concentration and the degree of annoyance caused to the exposed 
community, which leads to a later study regarding hedonics by the same author 
(Miedema and Ham, 1988). The initial study published data for estimating the likely 
percentage of individuals who are highly annoyed (%HA) by industrial odour in their· 
local environment (Miedema and Ham, 1988). The authors established a simple 
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relationship between %HA and the logarithm of the 98th percentile of the odour 
exposure concentrations (lgC98). The Long Term Frequency Distribution Model 
(L TFDM) was used for the dispersion lTIodelling, which is a Gaussian plume model 
calculating 1 hour average concentrations of odour. It was later suggested that the 
prediction of %HA could be improved when the pleasantness or unpleasantness of the 
odour was also considered in the studies (MiedelTIa et aI., 2000). A number of different 
industry types were investigated including, oil extraction, pig farming, pastry baking 
and sugar blending. The rate of increase of %HA as a function of IgC98 is found to be 
higher if the odour is less pleasant (Miedema et aI., 2000). The authors state that there 
could be a number of confounding factors affecting this rate. 
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Figure 4.2: Percentage highly annoyed (%HA) as a function of the logarithm of the 98 
percentile of the odour concentrations in the year preceding the interviews (lgC98): data points 
and curves fitted with two models (1 and 4). Source: (Miedema et aI., 2000). 
A simple curve (Figure 4.2: model 4) is presented which it is claimed, with caveats, can 
be used to predict %HA in local populations. Local conditions and factors can affect 
odour annoyance and significant deviations from the predicted percentage will often be 
encountered (MiedelTIa et aI., 2000). The authors also argued that, in addition to the 
SilTIple overall curve (Figure 4.2: lTIodel 4), two additional curves could potentially be 
established for very pleasant and very unpleasant odours and that lists of odours falling 
into these categories should be lTIade. This, however, will require further research 
(MiedelTIa et aI. , 2000). The implications of this study could influence the setting of 
regulatory standards for particular odours; i.e. so that standards reflect both the odour 
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concentration and the relative 'pleasantness' of the odour. Local conditions and other 
factors further affect the accuracy of predicting exposure and resulting annoyance. 
The second study of this type, investigating the relationship between odour hedonics 
and annoyance, involved six industries releasing odours into the local environment 
(Sucker, 2008a, Sucker, 2008b). Two of the industries were considered to be emitting 
pleasant odours (a sweets production factory and a rusk bakery) and two were 
considered to be emitting neutral odours (a textile factory and a seed oil production 
factory). The remaining industries were generally considered to have unpleasant odours, 
a cast iron production factory and a fat refinery. It was demonstrated that the hedonic 
tone of an odour has a strong association to the resulting odour annoyance and the 
subsequent exposure symptom reporting. Little to no annoyance resulted from exposure 
to the pleasant odours, whereas annoyance was observed when neutral and unpleasant 
odours were perceived (Sucker, 2008a, Sucker, 2008b). According to the authors, this 
finding had not previously been demonstrated in a non experimental (i.e. environmental 
setting) although it had been demonstrated in the laboratory by Miedema et al., 2000 
(Miedema et aI., 2000). Introducing odour intensity as an odour attribute did not 
influence predicting odour annoyance. The research carried out by Sucker et al., 2008 
has subsequently led to the amendment of the German odour annoyance guideline 
(Sucker,2008a). 
The relationship between odour concentration and probability of response 
A study by Henshaw (2006) considers the relationship between odour concentration and 
the probability of response. The research is based solely on the spatial variations of 
odour concentration resulting from dispersion modelling and the probability of response 
in the population, although actual annoyance is not considered (Henshaw et aI., 2006)]. 
The study uses the expressions for odour dilution and the probability of response 
previously described in Section 4.3.1 for the objective assessment of the impact of 
odour concentrations on local populations (Nicell, 2003). The dispersion model used to 
calculate the predicted odour concentration in the population was the USEP A ISC-
PRIME model. The methods employed included a range of odour concentrations from 
sub-threshold to supra-threshold levels as the odour to predict dispersion and six impact 
parameters were proposed that could be used as metrics from odorous industrial 
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facilities, namely; 1) the maximum concentration; 2) maximum probability of response 
from point sources; 3) the footprint area; 4) the concentration-weighted footprint area 
from area sources; 5) the probability-weighted area and 6) the population impact from 
volume sources (Henshaw et aI., 2006). This study demonstrated that impact parameters 
can be used to predict the various ways that odour impact could be experienced in a 
population surrounding an industrial site, although 'no single one of the parameters 
completely characterises the impact of an odour' (Henshaw et aI., 2006) p. 1029. 
A recent study investigating the dispersion of odours from a pig farm (winter-spring) 
utilising the AERMOD dispersion model, modified to incorporate the probability of 
response and the degree of annoyance, as discussed above, together with other input 
parameters (peak-to-mean ratios) found that this approach provided a good indication of 
impact in the community, although further studies were suggested, to be carried out 
when the odour impact is likely to have the greatest impact i.e. the summer months 
(Latos et aI., 2010). 
The relationship between odour concentration, perceived intensity and impact 
Research was carried out firstly to consider the relationship between odour 
concentration and perceived odour intensity and then to evaluate the chosen relationship 
model with impact in the local community using dispersion modelling (Sarkar et aI., 
2003b, Sarkar and Hobbs, 2002). A number of psychophysical models were applied to 
olfactory data from a landfill site and the Weber-Fechner and Power laws chosen as 
models fitting the relationship between odour concentration and perceived intensity 
best. 
A subsequent study was carried out and attempted to assess the potential impact on the 
local community of odours emanating from a landfill site. The researchers analysed the 
odorous emissions from the landfill site, modelled the dispersion to achieve a measure 
of exposure and then linked the impact at the receptors using 'community modelling,14. 
The dispersion analysis predicted estimates of exposure which were then used in 
comparison with the complaints from the community (Sarkar et aI., 2003b). It was 
14 Members of the local community were recruited as odour 'monitors' in order to link odour dispersion 
and odour perception. The 'monitors' were also used to validate the dispersion modelling. 
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concluded that the responses invoked in the community varied to a great extent over the 
range of odour intensities encountered. The empirical psychophysical models (Weber-
Fechner and Power laws) were applied to represent the relationship between odour 
intensities and perception but the authors suggest that the intensities in these non-linear 
models are odour-specific, making generalisations difficult (Sarkar, 2003a, Sarkar et aI., 
2003b). 
The relationship between odour related stress and induced illness 
A number of studies conducted in communities surrounding municipal, agricultural and 
industrial odour sources confmn that community odour impacts can extend beyond 
mere nuisance and annoyance effects, producing a range of physiological symptoms 
that include headache, nausea, eye and throat irritation, and sleep disturbance (Neutra et 
aI., 1991, Shusterman, 1992a). A common feature of many of these studies is that 
measured or modelled exposures to airborne toxicants indicate levels well below those 
known to cause acute symptoms by recognised toxicological mechanisms. 
Several authors have suggested that odour complaints, from hazardous waste sites, and 
associated worry may trigger symptoms of stress-related disease or lead to an increased 
awareness of existing symptoms (Neutra et aI., 1991, Shusterman et aI., 1991). A study 
conducted around three hazardous waste sites found that both odour and environmental 
anxiety appear to have a role in the onset of reported health symptoms (Shusterman et 
aI., 1991) (see Figure 4.3). As previously explained, odours can produce toxicological 
effects in the exposed (line 1 in the figure), or cause direct odour mediated symptoms 
(line 2). Additionally, the authors propose that environmental odours, acting as a 
sensory prompt to persons exhibiting environmental anxiety, can give rise to stress-
related symptoms (e.g. headaches and nausea - line 3). It is argued that there is a link 
between environmental odours and 'environmental worry', which may help to explain 
apparent physiological symptoms reported in populations exposed to concentrations 
well below levels at which toxicology predicts any irritation or adverse health effect. 
This may be explained by mechanisms such as biologically intrinsic odour aversions 
(the idea of a predictable, inherent odour response to certain stimuli), exacerbation of 
underlying medical conditions (such as asthma or morning sickness), or conditioned 
responses (known as behavioural sensitisation). 
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Figure 4.3: Potential toxicological and non-toxicological mechanisms for the genesis of odour 
related symptoms near industrial/hazardous waste facilities (the dotted line I signifies that 
levels of odorants are rarely sufficiently high enough to cause acute or sub-acute toxic effects. 
Source: (Shusterman et aI., 1991) 
Susceptibility 
There is evidence to demonstrate that individuals differ in their susceptibility to odour. 
Certain groups in the general population appear to be particularly susceptible to odours 
causing respiratory effects, most notably asthmatics and persons exposed to high 
occupational exposure of dust and odour (Schiffman et aI., 2004). Other research 
investigated sensitivity to odour and respiratory complaints, for persons reporting 
asthma, chemical intolerance and hay fever (Baldwin et aI., 1999). The complaint 
determinations were self-rated and involved a variety of 'odours'. The asthlnatics and 
those individuals with hay fever commonly reported feeling 'ill' when exposed to 
odours of perfume, drying paint and pesticides, compared to individuals without hay 
fever or asthma. The individuals with chemical intolerance cited illnesses from 
exposure to chlorinated water, natural gas and air freshener, in addition to the other 
odours listed for asthmatics and hay fever individuals. 
Other evidence of susceptibility points towards pregnant WOlnen having an increased 
tendency to nausea and vomiting after exposure to odours. There is no evidence to 
suggest that the olfactory process has undergone any changes during pregnancy to cause 
this response, though odour appeared to be a trigger for the nausea and vOlniting 
(Swallow et aI., 2005). 
Helen Smethurst 
University of Surrey 76 
Chapter 4 - Odour impacts on health and well-being 
Multiple chemical sensitivity (MCS)/Idiopathic environmental intolerance (lEI) 
Multiple chemical sensitivity (MCS) or idiopathic environmental intolerance (IEI) 
refers to a poorly understood and controversial syndrome in which various symptoms 
are triggered by chemically unrelated but often odorous substances, at doses below 
those known to cause harm. Common symptoms include shortness of breath, anxiety, 
fatigue, lack of concentration, a thumping heart and headaches. The suggestion that 
odours are the cause of, or exacerbate, MCS/IEI is often brought to the attention of 
health professionals from those exposed to odorous chemicals (see Chapter 11, Odour 
and Health Protection Issues, and the case study of the chronic incident at Hauxton). 
In 1997, a workshop of the International Programme on Chemical Safety (IPCS) 
concluded that, "human research is urgently needed to determine the nature-for 
example, psychogenic or toxicogenic-of multiple chemical sensitivity as the outcome 
will influence public policy and clinical practice for prevention and treatment of 
multiple chemical sensitivity respectively" (International programme on chemical safety 
(IPCS), 1997). 
In 2010, the UK Governments' Committee on Toxicity reviewed the evidence for 
MCS/IEI and came to the following conclusions that: "having reviewed the relevant 
scientific literature, we have been unable to identify any toxic mechanism that could 
satisfactorily account for all of the clinical features and descriptive epidemiology of lEI. 
In particular, we have found no convincing evidence for any biological mechanism that 
would explain why such diverse symptoms are induced in some individuals by such a 
wide range of chemicals, at levels of exposure well below those that are tolerated by the 
majority of people. Nor is there any convincing evidence of genetic differences in lEI 
patients that point to a toxic pathogenesis. It is conceivable that trigeminal irritancy 
could lead to the development of lEI in some individuals. However, not all of the 
odours that trigger symptoms in lEI patients have irritant properties. Whilst an unknown 
toxicological pathogenesis cannot be totally discounted, on current evidence, a much 
more plausible explanation for lEI is that it represents a psychologically mediated 
response to perceived noxious exposures" (Committee on Toxicity, 2010). 
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In 2011, the Committee on Toxicity released a statement that summarised their 
literature review on the subject of idiopathic environmental intolerance (lEI) stating that 
'we have been unable to identify any toxic mechanism that could satisfactorily account 
for all of the clinical features and descriptive epidemiology of IEI' (Committee on 
Toxicity,2011). 
Other factors 
It has also been suggested that in some cases, social and psychological factors unique to 
an individual can have a greater bearing on their response to odour than actual exposure 
(Nimmermark, 2004). These responses can have positive as well as negative effects on 
well-being and can often be determined via previous exposure and experience. 
4.3.2 Possible mechanisms for odour induced health effects 
The possible mechanisms for odour induced health effects are reviewed below. The two 
main authors reviewed here are Denis Shusterman, and Susan Schiffinan, with 
Schiffman's work post dating the majority of the reported health effect studies. 
At a workshop held in the United States in 1998, the subject of odours from animal 
manure, waste water treatment and the recycling of bio-solids were discussed in terms 
of nuisance complaints and health effects. The reason for the emphasis on these 
activities was the fact that health symptoms had been reported from those exposed to 
low levels of odour from these particular sources (Schiffinan et aI., 2004). The 
participants at the workshop discussed three potential scenarios, although it was 
suggested that there could be more, whereby odours from these sources may elicit 
health symptoms in those exposed. It was also suggested that there is a body of 
evidence from human and animal experiments that confirms the suggested scenarios and 
this is reviewed (Schiffman et aI., 2004, Schiffman and Williams, 2005). 
In the first scenario, the odorants are at levels to cause irritation, so the perception of 
odour serves as an exposure marker. The odour also acts as a warning sign, suggesting 
that further exposure and/or increasing concentrations may potentially cause harm 
(Schiffinan et aI., 2004). In the second scenario, the concentration of the odorant 
chemical is not at a level, which can cause irritation, although health symptoms are 
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reported. The mechanism of how this occurs is not clearly understood. It may be that 
psychological, perceptual, genetic and physiological traits have a part to play 
(Schiffman et aI., 2004, Schiffman and Williams, 2005). The odour could be a trigger 
for a series of outcomes, such as physiological stress. In the third scenario, the odour is 
a mixture of chemicals. The mixture contains an odorous component but it is a co-
pollutant that elicits the health symptom(s). This scenario could be typical when we are 
considering manure and bio-solid sources as bio-aerosols, dust, allergens or micro-
organisms may also be present in the emission (Schiffman et aI., 2004, Schiffman and 
Williams, 2005). In this scenario, individuals exposed may exhibit health effects from 
dust irritation or have an allergic reaction to an endotoxin present in the emission rather 
than the odour. 
A recently published study provides evidence of scenario three. Patients suffering from 
health complaints, which the individuals themselves attributed to being caused by 
environmental factors, including odours, were given questionnaires to complete. The 
patients were divided into two groups; the first being those exposed to annoying odours 
and bio-aerosols (micro-organisms) and the second those exposed only to the odours. It 
was concluded that there were higher rates of physical complaints in the subjects that 
were exposed to the bio-aerosols simultaneously with the annoying odour than in the 
subjects that were exposed to the annoying odours alone (Herr et aI., 2008). This finding 
complies with scenario three of Schiffman where the emission is a mixture containing 
an odorous component, although it is the presence of a co-pollutant that elicits the 
health symptom(s). This research also demonstrated that it was extremely important to 
establish a complete, as far as practicable, exposure assessment for those involved in 
this type of study, in order that health effects are assigned to the co-pollutant and not 
attributed to the odour annoyance. 
The suggestion of the three scenarios is very helpful in explaining the incidence of 
health complaints at low dose exposure levels but one has to realise that there is a wide 
variation between individuals in the odorant concentrations that bring about health 
complaints. In an attempt to explain this variation, the participants at the workshop 
identified eight levels of odour exposure (Table 4.1). This was suggested as a way to 
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understand the odour concentrations associated with potential health impacts portrayed 
in the three scenarios; (Schiffman et aI., 2004). 
It was also recommended that further research was required in order to attribute some 
quantification to the concentration levels that result in health complaints, not only from 
the general public but also amongst susceptible individuals (Schiffman et aI., 2004). 
Table 4.1: Levels of odour exposure. Source: (Schiffman et aI., 2004) 
Level Description 
(1} Odour detection COT) or odour threshoLd The Level of odour that can first be 
(OT) differentiated from ambient air 
The Level of odour at ~'hich the odour 
quatiti' can first be characterized (for 
(2} Odour recognition (RT) exampLe, the Level at ~'hich a person can 
first detect that an odour is app~e or 
manure}. 
The Level at which a person is annoyed by an 
odour but does no~ show or perceive a 
(3} Odourann:::Jyance (AT) phj'sicat reaction. t~ote: Heatth symptoms are not expected at these first three tevels 
unless: the odourcccurs 'IArith a co-pollu~ant 
such as dust as in Scenario 3 or the levet of 
annoyance is: in~ense or prolont!ed 
The le',tel at which an individual may show or 
percei\re physical (somatic} symptoms to an 
(4) Odour in~olerance (causi~ s:omatic odour. Hote: This: levet corresponds to 
symp~oms) Scenario 2 in which the odour induces 
symptoms even though the odorant 
concentration is tower than that mO'"lm to 
cause irritation 
The le"'el at whic.h a person repor"'...s irritation 
(5) Perceived irritant or ph~'$ical symptoms as a result of stimula~ion of nerve endings in the 
re-:.-piratory tract 
The Level at which an odorant (no~ an odour) 
re:s:ults in a negative phi'sical reaction 
(6) Somatic irritant regardte$$ of an indhtjduat's p.redisposition. This can occur when an odorous compound 
(for example, chLorine) damages. tissue. 
Note: Percei'.'ed and somatic irritation 
correspond to Scenario 1. 
(7) Chronic toxicity The Level at which an odorant can result in a 
tong-term health effect 
The Level at which an immediate toxi:: effect 
is experienced (for example, a singte e'.'ent 
(8) Acute toxicity may e'.'okean acute health effect). Uote: In the case of chronk or acute toxicity. the 
compound should not be considered an 
odoran<:: bu~ rather a compound ""'ith toxic 
effects. that happens to ha':e an odour. 
It is important to recognise that for some odorous compounds the perception of the 
odour is indeed above the toxicity threshold. The significance of this is that irritation 
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occurs before the onset of odour perception, therefore the odour acting as a warning 
sign is redundant. This is an unusual situation but one which must be accepted when 
attempting to ascertain cause and effect of certain odours. Schiffman et aI., 2004, did 
not discuss these compounds; as they are atypical of odours emanating from animal 
manure, waste water treatment and bio-solids. These types of chemical odorants are 
discussed in more detail, being defined as 'potent' irritants by (Shusterman, 2001). In 
order to demonstrate the relationship, Shusterman discussed three models as represented 
by the graphs in Figure 4.4. In Figure 4.4A the irritation threshold (based on the 
population mean) is lower than the detection mean for that chemical. Examples of 
chemicals that possess this type of relationship are methyl isothiocyanate and methyl 
isocyanate, the chemical that was released at the industrial incident in Bhopal, India. 
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Figure 4.4: Cumulative popUlation dose-response curve for olfactory and irritant effects: A = of 
a potent irritant compound; B = of an intermediate potency irritant compound; C = of a weakly 
irritant/potent odorant compound. Source: (Shusterman, 2001). 
In Figure 4.4B, which is representative for the majority of chemicals released from 
industry, odour perception precedes the irritation threshold and the chemicals are 
described as possessing 'intermediate potency'. An example of the chemicals that fall 
into this category is phosphine gas (PH3). In Figure 4.4C the irritation threshold is a 
number of magnitudes higher than the odour threshold, which is often described as the 
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'margin of safety' (Amoore and Hautala, 1983, Ruth, 1986, Shusterman, 2001). 
Examples of chemicals that demonstrate this relationship are hydrogen sulphide (H2S) 
and a number of the mercaptans, which are typical gases generated from waste water 
treatment facilities and landfill sites (Gostelow et aI., 2001). Even though the 'margin of 
safety' is seemingly wide for these odorous chemicals, exposure to these gases often 
elicits complaints and reports of health symptoms (Shusterman, 2001). Despite these 
examples, it should not be assumed that odour thresholds will always be much lower 
than toxicological thresholds. The potential for significant adverse effects on public 
health from chemicals in odorous discharges should be considered on a case-by-case 
basis (Freeman and Cudmore, 2002). 
An earlier review by Shusterman offers possible explanations to the complications 
raised by odour related health complaints when there is no toxicological validation of 
the symptoms i.e. Figure 4.4C (Shusterman, 1992b). These are: 
1) innate odour aversions; 
2) innate pheromonal phenomena; 
3) odour related exacerbation of underlying conditions; 
4) odour related aversive conditioning; 
5) odour related stress induced illness; 
6) mass psychogenic illness and 
7) recall bias. 
In a later paper, Shusterman discusses relevant research that has been carried out since 
1992 and the speculative explanations that were offered at the time. The findings 
suggest that further scientific effort is required in all these areas and that, in the absence 
of this data, there may be a need for more hard-line regulation of environmental odours 
(Shusterman, 1999). 
4.4 SUMMARY 
Various studies on populations and individuals have demonstrated that exposure to 
environmental odours can result in varying degrees of odour annoyance, odour nuisance 
and health effects. This chapter however highlights the observation that the impact of 
exposure to environmental odours on health and well-being is incompletely understood 
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and the mechanisms for causality unclear. The studies reviewed in this chapter show 
that exposures to environmental odours are associated with a variety of health 
symptoms including headaches, nausea and respiratory complaints. The health 
protection issues relating to these exposures are often difficult to assess, as it is not 
always easy to establish whether the health effect is initiated as a direct physiological 
effect due to the toxicity of a substance or the odour. Health effects could occur from 
the psychological response to an odour, which can cause stress or mood changes and 
may give rise to physical symptoms such as nausea and headaches; the same symptoms 
to those associated with toxicity. 
From the studies it is apparent that some of these health conditions occur at odorant and 
odour concentrations below which toxicological effects are known to occur. The studies 
also demonstrate that there is a strong relationship between what people perceive as 
odour annoyance and the onset of subjective and non-specific symptoms. There is little 
evidence to link objective measures of odour to the onset of these physiological 
symptoms. The severity of reported symptoms appears to be correlated to people's 
levels of anxiety to the odour and potential harm. Effects such as nausea or vomiting are 
more likely to reflect a heightened 'aversion' reaction to an unpleasant odour in affected 
individuals. Coping mechanisms are often employed by those exposed to odours, 
though there is conflicting evidence to suggest that employing such strategies has a 
positive or negative effect on individuals stress levels. 
All the studies suffer from the problem of self-reporting, and variability in the 
population in terms of gender, age and pre-existing health conditions. Many studies also 
have problems in determining exposure to sufficient accurately (e.g. using distance from 
source is rather too simplistic as a measure of exposure), which is an issue that will be 
discussed in the next chapter, Chapter 5, Risk and odour exposure assessment. 
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CHAPTERS 
S. RISK AND ODOUR EXPOSURE ASSESSMENT 
5.1 INTRODUCTION 
This chapter explores the issues surrounding risk, risk analysis and risk assessment for 
chemicals 'in relation to human and public health protection. The specific focus is on 
chemicals that are odorous and the risk that these substances may pose to the 
community. That odours are complex and have the potential to impact on humans has 
already been discussed in Chapters 2 to 4 and this chapter discusses mechanisms to help 
evaluate these threats, to estimate the potential and actual impact and to reduce exposure 
via 'risk assessment' mechanisms. The Health Protection Agency, with other agencies 
and organisations, carries out and reviews health risk assessments in order to protect 
human health from chemical hazards, with both short term (e.g. during chemical 
incidents) and longer term impacts (e.g. from permanent installations - incinerators) 
being considered. 
The chapter begins with the definition of some of the most commonly used terms in risk 
analysis and puts these in the context of risk assessments. The discussion then addresses 
the importance of human health risk assessments and considers the fundamental 
concepts in relation to odour. Odour impact assessments are considered and brief 
evaluations of previous studies of this type are made. The chapter concludes with a 
discussion regarding the perception of risk and the importance of bearing in mind risk 
perception when odours are being evaluated. The review highlights where gaps in the 
knowledge exist and suggests potential ways to improve the assessment of odours. 
5.2 BACKGROUND TO RISK ASSESSMENTS 
Humans come into contact with an assortment of potentially harmful chemicals 
(hazards) in the environment, in the air we breathe, the foods we eat and drink, the 
things we touch and the products we use. This includes situations where odorants are 
present in the atmosphere and may be inhaled. A fundamental part of the Health 
Protection Agency's remit is to prevent or reduce such exposure to environmental 
hazards that contribute, either directly or indirectly, to harm to humans or result in the 
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loss of quality of life. Nuisance, anxiety and distress, appear to be the main outcomes of 
exposure to odorants and odour, although other 'health effects' have been reported 
(Chapter 4, Odour impacts on health and well-being). For example, when the Health 
Protection Agency is alerted to chemical incidents, including those where odour is 
mentioned, it is common practice to carry out a risk assessment in order to evaluate the 
potential for harm to occur. 
In the past few years, there has been a general change in attitude, from a reactive 
viewpoint of public health protection to chemical hazards to a more proactive approach, 
aimed at minimising or preventing harm before it occurs. One of the reasons for this 
shift is the concept that 'prevention is better than cure' and the context of 'sustainable 
development' (i.e. balancing the needs of present and future generations, in terms of 
society, economics and the environment) (Giddings, 2002). Part of this proactive 
approach encompasses the analysis of risks from chemicals and makes use of 'risk 
assessments' and associated tools and techniques. A risk assessment "is an evaluation of 
the connectivity between the source of the hazard and the environmental receptor" 
(Pollard et aI., 2006) p.1010. 
Risk assessments form one aspect of the risk analysis paradigm, described by the W orId 
Health OrganisationIFood and Agriculture Organisation (FAO), the other two 
components being risk management and risk communication (WHOIF AO, 1995). Only 
risk assessments in relation to odour will be covered in this chapter as the emphasis of 
this thesis is this aspect of the risk analysis paradigm. 
5.3 RISK ASSESSMENT CONCEPTS 
In general terms, a "risk assessment is the determination of the quantitative or 
qualitative evaluation of risk, related to a situation and an identified hazard". The 
combination of the probability of the occurrence and the magnitude of the consequences 
of the occurrence equates to the risk (Defra et aI., 2000). Therefore the terms hazard and 
risk are defined as follows: "hazard - a property or situation that in particular 
circumstances could lead to harm, risk - a combination of the probability, or frequency, 
of occurrence of a defined hazard and the magnitude of the consequences of the 
occurrence" (Defra et aI., 2000). 
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Therefore risk can be defined in the following way; 
Risk = Probability x Consequence 
A risk may have a very low probability of happening but high impact. A simple 
assessment of risk is to rate their impact and their probability as low, medium or high, 
as shown on the matrix in Figure 5. The numbers are multiplied together resulting in a 
risk rating, the higher the rating the greater the need to address that risk (Figure 5.1). 
For example the likelihood that rotting waste giving off an odour is quite high although 
the impact is low if the waste is held in a container. 
Probability 
1J Low Medium High High 3 6 9 
U Medium 2 4 6 r:I 
0.. § Low 1 2 3 
Figure 5.1: The Risk Matrix. Source: (HP A, 2011 g) 
5.3.1 Definition of risk assessment 
A risk assessment is the process during which risks are estimated either quantitatively or 
qualitatively, as above, also taking into consideration other factors pertinent to the set of 
circumstances, such as the current or future human activities, the physical and chemical 
characteristics of the chemical hazard(s), and the chances of 'exposure' to (i.e. coming 
into contact with) the agent. Risk assessments vary widely in scope and purpose. Some 
assess single risks in a range of exposure scenarios, (e.g. a particular chemical); others 
are site-specific and assess a range of risks posed by an installation (e.g. a particular 
landfill). 
'Environmental risk assessments' consider risk to all ecosystems, including humans 
exposed via, or impacted by environmental media (i.e. air, land and water), whereas 
'human health risk assessments' can be defined as an evaluation of the health 
implications of past or proposed actions specifically related to humans. In the context of 
public health, risk assessments are the process of quantifying the probability of a 
harmful effect to individuals or populations from certain human activities or incidents. 
It is the odorants that are considered to be the hazard in situations where odour is 
suspected or mentioned in the chemical incident, or long term issue. The risk 
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assessment process offers a structure that can be applied to carryIng out risk 
assessments when odorants and odours are involved. 
A framework for a tiered approach to environmental risk assessment and Inanagement 
has been suggested and adopted by the UK Government (Defra et aI. , 2000). The key 
stages of the risk assessment part of the framework are as follows and are illustrated in 
Figure 5.2: 
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Figure 5.2: The tiered approach to environmental risk assessment and management. Source: 
(Defra et aI. , 2000) 
• Hazard identification - determination of all the hazards and circumstances 
• Identification of the consequences - the potential consequences that nlay occur 
from the identified hazard 
• Magnitude of the consequences - the severity of the consequences occurring in 
time and space, and their onset 
• Probability of the consequences - the likelihood of the hazard occurring, of the 
receptors being exposed and the probability of the hann 
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• Significance of the risk - the resulting characterisation of the risk and the 
judgments that are made with reference to a "pre-existing measure" such as 
thresholds of environmental quality or in the spirit of sustainable development, 
with reference to social, political or financial standards. 
The risk assessment process is iterative and necessitates the gathering of information, 
requiring inputs from different scientific disciplines in order to determine total risk. The 
options appraisal and the risk management components of the framework in Figure 5.2 
will not be discussed in any detail in this thesis. 
5.3.2 The source-pathway-receptor model 
The risk assessment framework as shown in Figure 5.2, has many features that can be 
applied to identify and improve the rigour of the risk(s) being assessed, particularly the 
use of the source-pathway-receptor conceptual model. This is, essentially, a simple 
conceptual model for representing systems and processes that lead to a particular 
consequence or problem. There must be an identified or plausible relationship between 
the three components of the model, sometimes called the 'pollutant linkage', for a risk to 
exist. The source-pathway-receptor model is commonly used in health and environmental 
protection. 
The three components of the model are defmed as: 
• source - the origin of the hazardous substance or agent 
• pathway - the route or mechanism by which the source and the receptor come 
into contact with each other (e.g. during a chemical incident or situation giving 
rise to the release of the hazardous substance or agent to the atmosphere or to the 
ground) 
• receptor - the entity (e.g. person, property, habitat,) that maybe harmed due to 
exposure to the hazardous substance or agent. 
The consequences of the conceptual model can be expressed quantitatively (e.g. be 
given a financial value), by category, (e.g. high, medium, low), or descriptively. 
Impacts such as social, economic or environmental damage/improvement can also be 
assessed using the model. Harm cannot occur without a source-pathway-receptor 
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linkage existing. If the source-pathway-receptor linkage has been found, the next stage 
of the process concentrates on the options for managing the estimated risk( s) or 
suggesting interventions to break the source-pathway-receptor connections. Watts 
(1998) put forward various suggestions to achieve this by a number of mechanisms 
(Watts, 1998). Although Watts' suggestions are concerned with the managelTIent of 
hazardous wastes, the interventions are broad and are applicable to many other 
situations where the source-pathway-receptor linkage needs to be broken (see Table 
5.1). 
Table 5.1: Summary of risk reduction/minimisation mechanisms. Adapted from: (Watts, 1998) 
VARIABLES HYPOTHESIS TO BE TESTED 
}>o Contaminants }>oSource exists 
}>OConcentrations }>oSource can be contained 
}>oTime }>oSource can be removed & disposed 
}>OLocations }>oSource can be treated 
}>oMedla }>o Pathways exists 
}>oRates of migration }>OPathway can be interrupted 
)-Time }>o Pathway can be eliminated 
}>OLoss & gain 
functions 
}>o Ty pes }>OReceptor Is not impacted by migration 
}>o Sensitivities of contaminants 
}>oTime }>o Receptor can be relocated 
}>OConcentrations }>o Institutional controls can be applied 
}>ONumbers )-Receptor can be protected 
In terms of health protection, the source-pathway-receptor model is vitally important 
when assessing risks frOlTI chelTIicals. During chemical incidents, including those where 
odour is mentioned, the gathering of information regarding the three components is 
essential in order to assess the threats. The key aim in incident response is to sever the 
linkage, if it exists, and the role of the Health Protection Agency is to suggest 
interventions such as those in Table 5.1. 
5.3.3 The source-pathway-receptor model for odours 
The source-pathway-receptor lTIodel can be applied when considering the subject of 
odours and can be used to assess the risks fron1 odorants and odour (Figure 5.3). 
However, the lTIodel is cOlTIplicated when odours are concerned because human 
perception of odour at the receptor end of the model is lTIultifaceted and varies fron1 
person to person (section 3.6, Chapter 3). Moreover, it is not always easy to distinguish 
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between 'harm' and 'nuisance' when receptors are exposed to odours (section 4.2, 
Chapter 4). The complications are discussed briefly below. 
5.3.3.1 Source 
Odorous emissions can be generated from many different sources, the main ones being 
- agriculture (land and animals), waste treatment (sewage, landfill, composting), food 
production and industry ( oil refining, distillation of tar and bitumen, chemical 
manufacturing, rendering plants), each having different chemical components and 
emission parameters. Odours can also be generated from unknown sources, especially 
during chemical incidents. In general, most is known more about odorous chemicals 
from industrial sources, as the workings of the industrial process are often known in 
detail (e.g. the composition of the emitted gases and quite frequently the quantities). In 
order to engage in a risk assessment, in relation to odours, it is essential to identify the 
following; what chemicals are released, how much, how often and the duration of the 
emission if not constant. Industrial odours can be released from controlled points, such 
as chimneys and vents, or they can be fugitive, escaping from uncontrolled points (e.g. 
when a leak occurs) or from open vessels or areas. Odorous chemicals emitted from 
waste treatment operations, on the other hand, are not so easy to establish as the odours 
generated are dependant on the type of waste being treated and the method of treatment. 
Source 
- Agriculture 
-land 
-animals 
- Waste activities 
-landfill 
- composting 
-sewage 
-Industry 
- Food production 
-Incident 
EMISSIONS 
'- .I v 
Characterisation of odour at source 
~ Analytical 
~ (direct) 
~ (indirect) 
~ Sensory (dynamic olfactometry) 
Pathway 
- Atmospheric 
dispersion 
-Inhalation 
DISPERSION 
'--------...v..-----.1 
Atmospheric/odour dispersion modelling 
Characterisation of odour via environmental 
monitoring 
~ Analytical 
~ (direct) 
~ (indirect) 
Receptor 
- Individuals 
- Populations 
- Communities 
IMPACT 
'-...... --_...v..-----J 
Characterisation of receptor 
Response of receptor 
~ Sensory (dynamic olfactometry) 
'----------------------------- ---------------------------~ ~ 
EXPOSURE ASSESSMENT 
Figure 5.3: The source, pathway, receptor model specific to odours. 
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Another difficulty arises in attempting to 'quantify' and characterise odour at source, 
given that odour can be made up of a mixture of several chemicals, some or all of which 
may be odorous (section 2.5.1 Chapter 2). A particular odour may be due to a dominant 
odorous chemical species, together with various other essentially non-odorous 
substances or, more rarely, the odour maybe the result of a single chemical species 
(Defra, 2006). 
5.3.3.2 Pathway 
The pathway section of the conceptual model for odours is often difficult to evaluate. 
This aspect of the model is essentially the dispersion of odour in the atmosphere prior to 
inhalation. Odorants are diluted and dispersed in the atmosphere like other pollutants 
but due to rapid response times in human perception (see section 3.2.2, Chapter 3); 
short-term odour concentration fluctuations become important. These difficulties lead to 
risk assessments with inherent uncertainties that can in tum lead to the inconsistent 
management of odour related issues. Air dispersion can be complicated by factors such 
as changing wind direction and speed, turbulence and the presence of buildings that can 
have a large influence on how odour is eventually dispersed. Atmospheric dispersion 
processes and their influence on odorant transport are discussed in Chapter 8, The 
atmosphere and atmospheric dispersion. 
5.3.3.3 Receptor 
The ultimate stage in any risk assessment is consideration of the significance of the 
impact, which means reflecting on it in context, such as comparing the results to an 
environmental standard, benchmark or other measures prescribed in legislation or 
suggested in good practice guides. Where harm or nuisance has been determined to have 
occurred and a retrospective risk assessment has been carried out, liability or blame 
could be a final stage in the risk assessment process. Standards and benchmarks for 
odour are discussed in Chapter 7, Criteria for controlling odours. 
The best risk assessments are those where the data-sets from the source, pathway and 
the receptor are as complete as possible. Risk assessments can be used to predict the 
amount of odour that could potentially reach receptor(s) (i.e. be prospective) or could be 
employed to ascertain the quantity of odour that could potentially have reached a 
receptor (i.e. a retrospective study). In terms of scientific evidence it is more robust to 
carry out the risk assessments in the source-pathway-receptor sequence, as opposed to 
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the other way round, receptor-pathway-source. It is often the case, however, that risk 
assessments have to be carried out with limited information, adding to the uncertainty of 
the results. There is clearly a need for better ways and mechanisms to collect 
information regarding the source-pathway-receptor model for odours. 
5.3.4 Risk assessments for the protection of human/public health 
Human/public health risk assessments can be carried to estimate historical, present or 
future exposures to any chemical present in soil, air, water, food, or consumer products. 
They can be qualitative or quantitative. All risk assessments are, however, frequently-
limited due to a lack of comprehensive information. Risk assessments are generally 
conducted in a way that is unlikely to underestimate the actual risk so as to be protective 
of public health. Regardless, public health risk assessments are dependant on scientific 
knowledge of the hazards, hazard behaviour, exposure, dose and toxicity. 
The components are described as: 
• Hazard identification, which aims to establish the nature of the potential hazards 
or agents and the strength of evidence for its impact. In the public health arena 
evidence from toxicology and epidemiology is often used to assess the potential 
effect. 
• Dose-response analysis or assessment is the determination of the relationship 
between dose and the likelihood or the incidence of effect. The difficulty of this 
step occurs due to the paucity of information regarding dose-response in 
humans. Therefore, it is necessary to extrapolate results from animal 
experiments to humans and from high dose levels to lower doses effects. 
Additionally, the differences between individuals and variations in response to a 
particular hazard, due to genetics and other factors, may suggest that the risk 
may be greater for certain groups of people. 
• Exposure quantification/assessment is the determination of the amount of a 
contaminant (dose) that individuals and populations may be exposed to. This 
step of the process is carried out by investigating the results of 'exposure 
assessment'. The amount of contaminant received by an individual is influenced 
by a number of factors, including lifestyle and location. 
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Acquiring knowledge to describe these three components is the foundation of 
human/public health risk assessments. These data are not always available and many 
risk assessments require estimates or judgements to be made regarding some of the data 
inputs or characterisations. Consequently, risk assessment results have associated 
uncertainties, which should be detailed as far as possible. 
Sources of toxicological uncertainty in risk assessment are as follows (IGHRC, 2003): 
• uncertainties relating to extrapolation 
o animals to human 
o human variability 
• uncertainties relating to deficiencies in the data 
o absence of an experimental dose level where effects are not detected 
o changing the route of exposure from the animal study to humans (i.e. 
oral to inhalation) 
o duration of exposure 
o gaps or deficiencies in the database caused by gaps in the data or old data 
In spite of the uncertainties, human health risk assessment of chemicals can assist in the 
response to vital questions regarding the potential threats from exposure, for example: 
• Which exposures pose the greatest risks? 
• Is this chemical spill hazardous to health? What IS the appropriate emergency 
response? 
• Do limits on chemical exposure need to be established in environmental settings? 
• Is it necessary to set limits for chemical emissions from industry, agriculture or other 
human activities? 
5.3.5 Risk assessments for odours 
In the above scheme, the hazard identification of odorants can be achieved by gathering 
information regarding the source and the nature of the odorants and odour. The risk 
assessment should take into account any toxicological data regarding the individual 
odorant components, if available; although it is highly unlikely that information 
regarding the actual odour itself exists. 
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It is also highly likely that information to input into the dose-response analysis for 
odours is lacking. Data from single odorous compounds may be available in terms of 
toxicology though it is doubtful that such data exists for the odorant properties. 
Estimates regarding the duration or frequency of odorant and odour exposure can be 
made though these would probably best be based on actual rather than hypothetical 
situations. A previous study, evaluating dose response to odorants in humans, focused 
on the different reactions to a group of 'pleasant' odours and a group of malodours. The 
experiments took place in a laboratory setting and although the findings are interesting 
from the point of view of general observations of olfaction (e.g. gender differences), the 
results are limited in terms of their applicability to real life scenarios (Jacob et aI., 
2003). 
Assessing exposure is a complicated area of risk assessment, especially for odour as the 
amount of odorant( s) received by an individual can be difficult to evaluate. Distance 
from source is often used as a proxy for exposure but this has been shown to be a poor 
indicator of what happens in reality (Mohan et aI., 2009). Section 5.4, Odour exposure 
assessment, considers the complications in further detail. 
Once all the available information has been collected, the results of the components are 
combined to produce an estimate of risk to public health. Due to different 
susceptibilities (i.e. of individuals or particular groups) and exposures, the risk will vary 
within a population. This needs to be taken into account when risk calculations are 
being formulated and entails the inclusion of 'safety factors' in order to ensure that 
vulnerable individuals are considered during the risk assessment process. 
5.4 ODOUR EXPOSURE ASSESSMENT 
According to Cohen Hubal et aI., (2011), "Exposure assessment is the bedrock for 
protection of public health. It fundamentally informs decisions that relate to smart and 
sustainable design, prevention and mitigation of adverse exposures, and ultimately 
health protection" (Cohen Hubal et aI., 2011). 
Exposure assessment is, therefore, essential for the identification, evaluation and control 
of health risks in occupational settings and the general environment. Exposure 
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assessments, including assessing exposure to odour, all possess some common 
elements: the number of people exposed, the odour concentrations, the period of time 
being studied, the resultant dose, the contribution of the various sources, pathways and 
human behavioural factors to exposure or dose. A list of the type of estimates that may 
be made in an exposure assessment is as follows (IPes, 2000):-
• Exposure 
- routes, pathways and frequencies 
- duration of interest (e.g. short-term, long-term, intermittent or peak exposure) 
- distribution (e.g. mean, variance, 90th percentile) 
- population and vulnerable sub-populations (e.g. more exposed, more susceptible) 
- individuals - average, upper end of distribution, most exposed in population. 
• Variability 
- individual (e.g. changes in exposure patterns throughout the day for the same 
person) 
- between individuals (e.g. different exposure patterns on the same day for different 
people) 
- between groups (e.g. for dissimilar socio-economic groups or residential 
locations) 
- temporal (e.g. seasonal variation in exposure patterns) 
- spatial (e.g. exposure/dose variations in different regions of a city, or between one 
country and another). 
• Uncertainty 
- paucity of data (e.g. statistical error in measurements, model parameters, 
misidentification of hazards and pathways) 
- lack of understanding (e.g. inaccuracies in the use of models, misuse of proxy data 
from similar situations). 
Although complete exposure assessments may well be the ideal, they are expensive to 
carry out and decisions consequently need to be made on the most significant elements 
that need to be included. The purpose of any exposure assessment must be clearly 
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defined at the outset. Possible purposes include environmental epidemiology, risk 
assessment, risk management or status and trend analysis (IPCS, 2000). 
5.4.1 Odour impact assessment 
Exposure can be assessed by different methods, including dispersion modelling, 
although there are uncertainties encountered using this method as is discussed in 
Chapter 9, Atmospheric dispersion and odour modelling. 
It is necessary to carry out risk assessments using the source-pathway-receptor model to 
understand how odorants may possibly impact on individuals and populations. An 
assessment of environmental odours may be carried out for a number of reasons 
including; 
• evaluating impact assessments for new permit and planning applications and for 
modifications to existing permitted activities 
• monitoring compliance with permit conditions 
• investigating odour complaints 
• preventing or minimising public health exposure 
In basic terms, assessing the impact of odours using odour measurements and dispersion 
modelling is a four staged approach (Deiber et aI., 2007). Firstly, characterisation of 
odour sources on the site in terms of odour concentration and emission rate are 
determined (Deiber et aI., 2007). Secondly, identification of hazards should take place 
with respect to the toxicological effects of the components. Thirdly, a survey of the 
surrounding area with respect to other industries and demographics is required. Finally, 
air dispersion modelling may be used to predict the odour exposure of the surrounding 
population (Deiber et aI., 2007). 
Measuring or predicting the impact that odour causes or has the potential to cause in the 
community is a difficult undertaking. Therefore various estimates of odour impact have 
been suggested using two main approaches; odour impact assessments using 
olfactometry and dispersion modelling, or by field assessments (Nicell, 2009). These 
two approaches can be used separately or in combination with each other. 
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5.4.1.1 Assessments using olfactometry and dispersion modelling 
The general approach to odour impact assessment is to utilise mathematical models to 
predict odour concentrations downwind of the source based on input of odour emission 
rates, topography and meteorological data. Odour concentrations at source are 
determined using olfactometry, (see section 2.5.2 in Chapter 2) and are used to 
determine the odour emission rate. Dispersion models can then be used to predict odour 
concentrations at receptors throughout an impacted area. The type of dispersion model 
employed will be dependant on the reason behind the odour assessment. Dispersion 
modelling is discussed in greater detail in Chapter 9, Atmospheric dispersion modelling 
and odour dispersion modelling. 
An example of this type of assessment was used to evaluate individual odour impacts on 
the city of Terni, Central Italy and to investigate the origins of the odour (Capelli et aI., 
2011). An odour impact study was conducted, which concerned the identification of the 
major odour sources in the region, the quantification of emissions by odour sampling 
and laboratory measurements of the odour concentration using dynamic olfactometry 
and the simulation of the dispersion of odour emissions by the application of a suitable 
atmospheric dispersion model. The methodology allowed the identification of the most 
problematical odour sources in the area. 
5.4.1.2 Field assessments 
Field assessments take the form of direct measurements of impacts in the locality of the 
odour problem. This can be carried out by individuals or groups and may involve 'odour 
surveys' or 'sniffs tests' where data is collected with respect to the odour incident, the 
location and the conditions (i.e. frequency, duration, intensity) of the impact. It is 
important that training of the odour field testers is carried prior to field investigations 
taking place in order to achieve standardised and dependable measurements (McGinley, 
2000). 
Predetermined objectives of a survey must be clearly stated prior to any odour sampling 
taking place. There are various techniques for sampling odorants and odours present in 
the atmosphere. Some involve sampling the odorous air on site or in the field, with 
analysis occurring immediately or as soon as possible afterwards (Gostelow et aI., 
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2003). Other techniques entail taking 'grab' samples, with the analysis occurring some 
time later in a laboratory setting. The protocols employed in both circumstances must 
conform to universal standards, and the work carried out to a predefined and agreed 
standard. Unfortunately, there are no such existing standards for the sampling of odours 
in ambient air. Detailed knowledge of the odour generation process and the 
meteorological conditions should be considered before the sampling programme is 
initiated. In ideal circumstances, the sampling scheme should be undertaken over the 
entire range of operating conditions. 
The location and the number of sample points and the frequency, duration and 
averaging time of the sampling regime must reflect the spatial and temporal behaviours 
of the specific facility under consideration. In some circumstances it may be necessary 
to represent average emission values for large area sources, using composite samples 
across several sampling points rather than using a larger number of discreet samples. 
A detailed review of the monitoring of odours in the field is included in the 
Environment Agency's publication 'IPPC Guidance Note H4: DRAFT Horizontal 
Guidance for Odour Part 2 - Assessment and Control' (Environment Agency, 2002b). 
This aspect of field assessment will not be covered any further here. 
There are limitations to using field assessments for odour impact evaluations and these 
are: 
• complex terrain and meteorological conditions can limit the collection of data 
• variability in odorous emissions may lead to field measurements of ambient 
odours that vary significantly from the source odours 
• extensive field surveys over long time periods are often required for compliance 
purposes 
• the difficulty, especially in urban situations, of differentiating between odour 
sources (Nicell, 2009). 
An example of using a combination of field assessment, dispersion modelling and 
olfactometry, was demonstrated in a recent study in Northern Italy, has shown how it is 
possible to assess odour impact when there are multiple and similar odour sources 
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(rendering plants). The case study utilised emission data from olfactometry surveys 
carried out in different periods of the year to calculate the overall odour emission rate. 
This was conducted for each rendering plant. The emission data was linked with 
meteorological and topographical data and incorporated in a mathematical model in 
order to evaluate odour dispersion. In this study, the local population were involved in 
the odour impact survey by completion of a questionnaire survey and the reporting of 
perceived odour incidents. The participation of the local community in such a study has 
proved to be a useful tool in other odour impact evaluations (Gallego et aI., 2008). 
The results from the questionnaires of the reported incidents of odour perception in the 
Northern Italy case, fits with the outcomes of the simulated odour emissions, simulated 
by the dispersion modelling, to a value of 86.5% therefore adding to the evaluation of 
the applied simulation procedure (Sironi et aI., 2010). 
5.4.2 Risk perception 
When conducting risk assessments, it is necessary to think about how significant the 
risks are to the individuals or populations being exposed and, therefore, informed 
judgments need to be made. It is now recognized that reactions of the general public can 
be very different from the conclusions and opinions that have been formulated by 
scientific probability estimates. Therefore, risk judgments not only rely on the physical 
characteristics of the hazard but are determined by broader psychological and 
sociological considerations, known as 'risk perception' (Defra et aI., 2000). 
Risk perception is defined as how the exposed make their own subjective judgments 
about the characteristics and severity of risk. The risk assessment may possibly include 
an evaluation of what the risks signify in practice to those affected. This will be strongly 
reliant on how the risk is perceived. Risk perception involves people's values, feelings, 
judgements and attitudes, in addition to the broader social or cultural values that people 
assume towards hazards and their benefits. The way in which people perceive risk is 
critical in the process of assessing and managing risk. Risk perception will be a major 
determinant in whether a risk is considered 'acceptable' and whether the risk 
management measures adopted are perceived to resolve the problem. 
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Many factors have been shown to influence people's risk perceptions including, 
amongst others, risks that are imposed on the population (e.g. incinerator pollution), 
made-made risks (e.g. pesticides) and risks that are unfamiliar (e.g. unusual odours) 
(Department of Health, 1998) 
Risk perception in the public health arena has been subject to a publication produced by 
the North West Region of the Health Protection Agency (HPA (North West Office), 
2009). The document details ten case studies and includes odour as an area where risk 
perception is an important consideration during risk assessments. 
In summary, people are worried about the potential chronic (i.e. long term) health 
effects of gases in the atmosphere and are concerned that these may result in respiratory 
conditions such as asthma and lung cancer. Odour plays a key role in the perception of 
the significance of any emissions, as the presence of odour appears to intensify any 
worries (Dalton, 1999). The mere presence of an unpleasant odour seems to incite 
adverse sensory responses and grievances including health complaints (Dalton, 2002, 
Dalton et aI., 1997, Sarkar et aI., 2003b, Sarkar and Hobbs, 2002, Shusterman et aI., 
1991, Smeets and Dalton, 2005). 
These factors are principally: 
• odour experience: unfamiliar and unknown odours are more likely to produce 
concerns 
• nature and source of odour: natural odours are less likely to cause anxiety. 
• interaction with other members of the community: exchange of information 
regarding health outcomes from exposure may alter people's adaptation to the 
odour 
• individual thoughts regarding disease causation: expectations about possible 
health effects (e.g. fear of cancer) may lower tolerance thresholds 
• anxiety and personality orientation: individuals who have a tendency to possess 
a negative viewpoint on life are more likely to report health complaints 
Concerns regarding odour can also be affected by interpersonal factors such as gender, 
culture, age and previous experience (Dalton, 1999, Sarkar et aI., 2003b, Sarkar and 
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Hobbs, 2002). For example, children are less affected by odour, women more receptive 
than men, and people with previous negative experiences are generally more sensitized 
(section 4.4. in Chapter 4). 
5.5 SUMMARY 
It is common practice in health protection, to carry out risk assessment( s) for odorants 
and odour, using the source-pathway-receptor conceptual model, to evaluate health risks 
and reduce exposure. Each odour case, incident or scenario will require a specific risk 
assessment to be undertaken in order to determine the potential outcomes. 
Evaluating the risks from odours is complicated and requires the collation of 
information from many branches of science and work undertaken in field studies. 
Information regarding dose-response and exposure is also vital for the final risk 
determination. There is a clear need for better ways and mechanisms to collect 
information regarding all aspects of the risk assessment process in order to reduce 
exposure to chemical risks, including those from odours. 
The Health Protection Agency is frequently called upon to consider the risk from odour 
and therefore the theory of risk assessment forms the basis of the Health Protection 
Agency's Odour Complaints Checklist (see Chapter 10, Odour and health protection 
issues). The questions posed in the checklist reflect the source-pathway-receptor 
concept and are asked in order to gain information regarding the individual components 
of the model. 
The inherent significance of exposure-related information is recognized as an essential 
area of scientific investigation, complementing traditional public health disciplines such 
as epidemiology and toxicology, and is an essential component in informed 
environmental health decision-making. Health professionals need better estimates of 
exposure and therefore; one aim of this thesis is to improve our understanding in this 
area (see Chapter 11, Empirical work). Improved estimates of dose response are also 
provided through the experimental work and the use of a model to measure response. 
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CHAPTER 6 
6. THE LEGISLATIVE & REGULATORY CONTROL OF 
ODOURS 
6.1 INTRODUCTION 
Objections about odour have increased over the last few years in many countries, 
including the UK, leading to the appreciation that odorous emissions need to be 
regulated in order to reduce the incidence of odour complaints. This chapter describes 
the regimes that have been put in place in England, Wales, Scotland and Northern 
Ireland (NI) for odour control, by legislation and regulation, in both occupational and 
environmental settings. The focus is on environmental odours with a brief discussion of 
the legislative control of occupational odours (i.e. on industrial and other sites). The 
latter can give rise to odours in the ambient atmosphere from either normal or abnormal 
(i.e. accidental) discharges and are therefore included in this discussion. The 
organisations that are responsible when odour has the potential to become an issue, or 
actually becomes a problem and/or causes complaints, are also discussed. It is the 
Government departments and government agencies in England, Wales, Scotland and NI 
that set the regulations and guidance with respect to odour control and the responsibility 
of the prescribed 'regulators' to enforce the legislation that has been put in place. The 
chapter primarily focuses on the legislation and regulation of odours in England and 
Wales as this is the jurisdiction, which is familiar. 
The final part of the chapter (section 6.6) discusses the role of organisations such as the 
Health Protection Agency (HP A) in the regulatory process, where health professionals 
advise regarding health concerns from odours and local authorities, the Environmental 
Health Officers (EHOs) are consulted for community issues. 
6.2 CONTROLLING ODOURS 
In order to legislate and regulate for odours there is a requirement to define what is 
meant by the term 'odour'. A detailed appraisal of the characteristics of odorants and 
odours and how they are described can be found in Chapter 2, Odorants and odour. In 
industrial settings, (e.g. manufacturing, waste treatment), odours are often described by 
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the person exposed to the odour in terms of the process or activity that causes their 
production (e.g. a smell of 'excrement' from sewage treatment works or the smell of 
'solvent' from a paint manufacture). However, this is too simplistic a description 
because, although odours can arise from single substances, they more frequently form 
as a combination of many substances. Every odour has a particular combination of 
chemicals, which come together to give the unique odour that is perceived. The form of 
activity or process can give an indication of the type of chemicals causing the odours, 
although it is the combination of all the emissions that influence how odours are 
perceived and very importantly, their impact on receptors. The odour from sewage 
treatment works, for example, has been found to consist of many chemical compounds 
with the sulphur containing molecules (hydrogen sulphide, methyl mercaptan and 
dimethyl sulphide) being the main contributors to the resulting smell (Gilbert, 2008). 
This means that odours cannot be regulated as entities per se as the term odour is a 
'catch-all' phrase and open to subjective evaluation by receptors. This is an important 
point where odour is concerned, especially with regard to the drafting of legislation, the 
application of appropriate control standards and enforcement criteria because the odour 
must be defined before it can be regulated. 
6.2.1 Legislation for occupational odours 
Operators of odorous industrial processes not only have a responsibility to control the 
impact on the local community of odours generated at their works, but also to ensure the 
safety of their employees. The occupational (i.e. work-place) exposure to odours falls 
under the legislative remit of the Health and Safety Executive (HSE) in the UK. HSE 
aims to manage and regulate risks to workers, including those hazards posed from 
chemicals which may be odorous under the Health and Safety at Work Act 1974. 
The responsibility for occupational exposure level setting in the United States has been 
managed through a number of frameworks - the Occupational Safety & Health 
Administration (OSHA); the National Institute of Occupational Safety & Health 
(NIOSH); the American Conference of Governmental Industrial Hygienists (ACGIH); 
the American Industrial Hygiene Association (AIHA). Regulations are also put in place 
at the state level, which is different to the UK where the single Act operates at the 
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national level. The resulting standards for exposure to workplace chemicals for the UK 
and US are considered in Chapter 7, Criteria for controlling odours. 
6.2.2 Legislation for environmental odours 
Environmental odours, as opposed to occupational odours, are those found in external 
situations (i.e. outdoor settings). Indoor odours in non-occupational environments (i.e. 
residential) are not regulated and therefore not considered in this dissertation. Local 
authorities undertake the regulation of environmental odours and agencies charged with 
protecting the environment and are discussed in more detail in the following sections. 
6.3 HISTORICAL LEGISLATION OF ODOURS 
Historically, public health protection in England, Wales, Scotland and Ireland was 
considered under the Public Health Acts. However, odour was not specifically 
mentioned until the late 1800s or mid 1900s depending on the country concerned. 
Table 6.1: Odour considered under the Public Health Acts in the UK 
COUNTRY ACT 
England and Wales Public Health Act (1936) 
Scotland Public Health (Scotland) Act (1897) 
Northern Ireland Public Health Act (Ireland) (1878) 
Section 81(b) of the 1936 Act empowered local authorities to make by-laws prohibiting 
the keeping of animals so as to be 'prejudicial to health' (specifically pigs, horses and 
cattle) and this included the odours emitted from these practises. The Act also gave 
local authorities the power to make by-laws to prevent or reduce 'noxious or injurious 
effects' from 'offensive trades' (Table 6.1). It was considered likely that such sources 
and their associated odours could potentially cause statutory15 'nuisances'; i.e. the 
odours could cause offence, annoyance, trouble or injury, and therefore required 
control. The statutory nuisance system is discussed in more detail in section 6.5.3. Table 
6.2 gives some examples of the trades that were considered to be offensive either by 
legal statute or by local authority order, the majority of which are concerned with the 
use of animal by-products and could conceivably produce odours. 
15 A statute is a formal written enactment of a legislative authority. 
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Table 6.2: Examples of 'offensive' trades listed in the Public Health Act of 1936 
Trades offensive by statute Trades declared offensive by order 
Bone boiler Candle maker 
Blood drier Fish curer 
Fat melter Grease and oil distiller 
Glue maker Manufacturer of manure 
Gut scraper Manufacturer of fertilizers 
Soap boiler Rabbit skin drier 
Tripe boiler Slaughterer of poultry 
The operators of offensive trades had to obtain consent from the local authority in order 
to carry out their business and they could be liable to a fee or fees if they continued to 
do business without said consent (Jones, 1977). The 1936 Act also placed a duty on 
local authorities to inspect their districts for statutory nuisances. The Act specified 
examples of statutory nuisance including odour and specified 'accumulations of 
effluvia' and 'foul' ponds, ditches or gutters that could be prejudicial to health or a 
nuisance. 
The concept of nuisance originated in British Common Law, such as in the Act of 1936, 
and has been used to regulate odours in the UK and in many states of the US. A 
distinction is often made between a 'public nuisance' (infringements on the rights of a 
number of people) and 'private nuisance' (interference with a person's use of land or 
rights connected to that land). In the majority of cases, action is taken by a local 
authority or agency in the case of public odour nuisance, whereas private nuisance cases 
consist of lawsuits between private parties or individuals (Miner, 1997). 
6.4 CURRENT LEGISLATION OF ODOURS 
Today, in the UK, the legislation surrounding the prevention and control of pollution16, 
including the regulation of pollution from odour, is considered by three legislative 
regimes: the planning control system (section 6.4.1), the pollution control system 
(section 6.4.2) and the statutory nuisance system (section 6.4.3). The main pieces of 
16 "Pollution of the environment" means pollution of the environment due to the release (into any 
environmental medium) from any process of substances which are capable of causing harm to man or any 
other living organisms supported by the environment ENVIRONMENTAL PROTECTION ACT (1990). 
HMSO, London, UK. 
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legislation under the three regimes are discussed with respect to odour control 
(Smethurst, 2007b). 
6.4.1 The planning control system 
The planning control system in the UK aims to anticipate the impact of planned 
developments and to control the use of land for the benefit of the public (i.e. to 
eliminate/minimise pollution). This includes the production of odour from any such 
planned developments. 
European Directive 20011421EC 
The introduction of European Directive 2001l42/EC, known as the 'Strategic 
Environmental Assessment' or 'SEA' Directive, requires a formal assessment for 
certain plans and developments, including an assessment of the effects on the 
population and human health, as part of the proposal with a view to promoting 
sustainable development. This includes controlling odour from proposed developments 
which fall under the Directive . The types of developments that fall under the SEA 
Directive include: waste plans, local air quality action plans and local transport plans 
(Office of the Deputy Prime Minister, 2005). 
Town and Country Planning Act 1990 
The planning process gives local authorities the power to impose conditions on planning 
permissions concerning environmental protection so that developments are, as far as 
possible, not affected by, or indeed add to, major existing or potential sources of 
pollution. Planning authorities should work on the assumption that the relevant 
pollution control regime (discussed further in section 6.4.2 below) will be applied and 
enforced by others, therefore the planning regime should act to complement the 
pollution control system, not duplicate it. For example, in terms of planning for an 
activity, which has the potential to produce odours, local authorities may wish to impose 
conditions on the height of a chimney for odorous emissions. The remediation of 
contaminated land is another example that may lead to concerns regarding odour. For 
example, the description of how a local authority considered the risk of odours arising 
during a land remediation scheme by imposing odour mitigation conditions is detailed 
in (Russell et aI., 2007). Planning consent in these cases may contain conditions 
requiring the developer to take steps to mitigate odour generation once the development 
has been built (e.g. the application of activated carbon to abate cooking odours from a 
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commercial kitchen). Wastewater Treatment Works (WWTWs) have the potential to 
generate odours and it has therefore become common practise by local authorities to set 
'odour boundary limits' (i.e. an odour concentration at the site boundary) on planning 
permissions, prior to their development. 
6.4.1.1 Odour assessments under the planning system 
Odour assessments are often required as below for planning and development purposes 
in order to assess the impact of odour; 
• Mandatory Environmental Impact Assessment (EIA) projects 
The Town and Country Planning (Environmental Impact Assessment) (England and 
Wales) Regulations 1999 state that an EIA is. mandatory for certain types of 
development, odour is often considered in conjunction with dust and other air pollutants 
rather than as a pollutant in its own right in this instance. 
• Waste management facilities 
Local authorities (LAs) should consider the likely impacts from the facility on the local 
environment and on local amenities when considering planning applications for waste 
management facilities. Odour is often cited as being perceived by residents who live in 
the vicinity of landfill sites, therefore odorous impacts from these facilities must be 
evaluated. Annex E of Policy Planning Statement 10 (PPS 10) 'Planning for Sustainable 
Waste Management' has an inventory of the aspects that LAs should consider when 
granting such permissions and which includes odour and other air emissions 
(Communities and Local Government, 2005). 
• Other developments 
There are many other developments where air quality can be a material planning 
consideration. Under Policy Planning Statement 23 (PPS23) 'Planning and Pollution 
Control' - all applications should be supported by information as is necessary to allow a 
full consideration of the impact of the proposal on local air quality, including odour. 
The local authority planners must be satisfied that planning permission can be granted 
on land-use grounds taking full account of environmental impacts (Communities and 
local Government, 2004). 
There are two main assessment requirements for planning applications where odour is 
concerned: 
1) Developments with a high potential to cause odour impacts such as: 
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a) Wastewater treatment works (WWTW) 
b) Waste management facilities; e.g. composting, landfill, mechanical and 
biological treatment, waste transfer stations 
c) Industrial processes; e.g. intensive livestock, oil refineries 
d) Kitchens providing food for restaurants, cafes, takeaways and public 
houses 
2) Developments having a relatively low potential to cause odour impacts but 
where the development introduces a new population of receptors into an area of 
existing poor odour climate 
a) Site suitability; e.g. for residential purposes 
b) Encroachment by residential properties around odorous processes; e.g. 
around sewage treatment works 
The purpose and aim of assessing impacts from odour in relation to risk assessment and 
exposure assessment is considered in more detail in Chapter 5, 'Risk assessment & 
odour exposure assessment' . 
6.4.2 The pollution control system 
The pollution control system in the UK is concerned with preventing pollution, once a 
development has been built, through prohibiting or limiting the release of substances 
into the environment to the lowest practicable levels. The system also ensures that 
ambient air and water quality meet standards that guard against impacts to the 
environment and human health. Odour is considered to be a pollutant and as such, is 
considered under the pollution control regime. 
6.4.2.1 Part I of the Environmental Protection Act 1990 
An important piece of legislation, which deals with the control of pollution from 
industrial processes, including odour, is the Environmental Protection Act 1990 (EPA). 
Part I of the Act sets out an 'integrated approach to pollution control', Integrated 
Pollution Control (lPC), by addressing emissions to air, land and water from certain 
industrial processes. Following on from IPC, in 1996 the European Commission 
introduced the Directive on Integrated Pollution Prevention and Control (lPPC) that 
gives rise to the Pollution Prevention and Control Regulations (the 'PPC Regulations') 
in the UK. These regulations cover a broader range of environmental impacts than those 
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covered by IPC. Pollution, prevention and control (PPC) also cover additional types of 
industrial processes that have the potential to cause pollution, including: intensive 
farming, the manufacture of food and drink, and waste management facilities. 
Typically, these industry types have the potential to be odorous in nature and cause an 
impact on local communities. Table 6.3 lists how the PPC regulations are transposed in 
the UK. 
Table 6.3: The PPC regulations transposed in the UK 
COUNTRY ACT 
England and Wales Pollution Prevention and Control (England and Wales) 
Regulations 2000 No. 1973 
Scotland The Pollution Prevention and Control (Scotland) Regulations 
2000 No. 323 
Northern Ireland The Pollution Prevention and Control Regulations (Northern 
Ireland) 2003 No. 46 
PPC also introduces three systems of pollution control depending on the polluting 
potential of the activities concerned. In England and Wales, the most polluting of the 
three categories are designated as 'A(1) activities' (which includes landfilling hazardous 
waste and intensive pig farming for example). Part A(2) activities are less polluting as 
are the Part B activities. The activity categories, in terms of pollution potential, in 
Scotland and Northern Ireland are similar to those of England and Wales, and together 
with the prescribed regulators are listed in Table 6.4. 
Table 6.4: Activity categories and the prescribed regulators under the PPC regulations in the UK 
COUNTRY PROCESS REGULATORS 
England and Wales • Part A(1)* • Environment Agency 
• Part A(2)* • Local authority 
• Part B** • Local authority 
Scotland • Part A* • Scottish Environment Protection Agency 
• Part B** • Scottish Environment Protection Agency 
Northern Ireland • Part A* • Northern Ireland Environment Agency 
• Part B** • Northern Ireland Environment Agency 
• Part C** • District councils 
* Regulated for multi-media emissions to air, land, water and other environmental 
considerations including odour 
** Regulated for emissions to air only 
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The activity types that are covered under the respective PPC regulations are too 
numerous to detail here but Table 6.5 illustrates some examples of the kind of industries 
that fall under this regime. The examples chosen are typically odorous activities. 
Table 6.5: Some examples of odorous industrial activities covered by PPC in England and 
Wales only 
PROCESS SOME EXAMPLES OF INDUSTRIAL ACTIVITIES 
COVERED BY PPC 
• Part A(l) • Energy industries 
- Refining activities, combustion activities 
• Waste management 
- Disposal of waste by landfill, production of fuel 
from waste 
• Other activities 
- The treatment of animal and vegetable matter and 
food industries, intensive agriculture 
• Part A(2) - Animal carcass incineration 
- Rendering 
- Surface treatment using organic solvents 
- Burning recovered fuel oil 
• PartB - Hide and skin processes 
- Paint application in vehicle manufacturing 
- Dry pet food manufacturing 
- Bitumen and tar processes 
Tables 6.3, 6.4 and 6.5 imply, for example, that an operator of a waste landfill site (an 
A(1) activity) located in England would need to apply to the EA for licence to operate 
the activity in question. Any associated odour issues would be the responsibility of the 
EA to regulate or if necessary, take enforcement action. As per Table 6.4, local 
authorities in England and Wales regulate the comparatively less polluting Part A(2) 
and Part B activities. Examples of such activities include animal rendering and dry-
cleaning, both of which can be odorous activities. Local Authorities can impose 
conditions on the permits for these activities such as 'no offensive odour outside or 
beyond the boundary' (NOOBB) of the site. In determining whether an odour is 
offensive, local authority inspectors will take into account the frequency, intensity, 
duration, offensiveness and location (FIDOL) of the odour. Chapter 7, Criteria for 
controlling odours, discusses NOOBB and FIDOL in more detail. 
Environmental Permitting (England and Wales) Regulations (EPR) 
The Environmental Permitting (England and Wales) Regulations (EPR) came in to force 
in 2010, replacing the PPC regulations. EPR combines IPPC, local authority regulated 
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PPC and waste management licensing into a single legislative system and aims to 
allocate resources to where they are required most; i.e. a risk based approach is 
implemented. Under EPR, some waste activities are exempt from the need for a permit, 
though the activity must be carried out in accordance with the Waste Framework 
Directive (2008/98/EC), meaning that the process must not cause an odour nuisance. 
Under EPR, applicants must obtain an environmental permit before starting activities 
specified within the regulations. The permit, if granted, will contain conditions with 
which the operator must comply, including the application of 'Best Available 
Techniques' (BAT) to reduce discharges, including odorous discharges. The Pollution 
Prevention and Control (Scotland) Regulations 2000 in Scotland and the Pollution 
Prevention and Control Regulations (Northern Ireland) 2003 in Northern Ireland are still 
in force and have not been repealed by equivalent EPR legislation. 
The introduction of the EPR (England and Wales) and PPC (Scotland; 2000 and NI; 
2003) means that installations previously falling outside the legislation, such as the food 
and drink industry and intensive livestock units, are now regulated for all their 
emissions, including odour (Table 6.5). Operators of activities, which have the potential 
to produce odours, must assess the impact of these emissions and suggest suitable odour 
controls as part of their application for a permit. 
6.4.2.2 Part II o/the Environmental Protection Act 1990 
Part II of the Environmental Protection Act covers the collection and disposal of waste 
(which is not covered under PPC) and sets out a 'waste licensing system' to ensure that 
activities do not cause pollution of water, danger to public health, or be a detriment to 
local amenities. For waste management licence applications under Section.36 of the 
Act, the application should include a risk assessment relating to odour from the site 
(Environment Agency, 2002c). Waste management facilities, which fall under the 
Waste Management Licensing (WML) Regulations 1994, include those where 
'controlled waste' is treated, kept or disposed of (e.g. the remediation of contaminated 
land). 
6.4.2.2.1 Odour assessments under pollution control 
Under the pollution control system the following are required to be addressed by 
applicants; 
1. An odour impact assessment as part of the permit application 
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• a suitable odour impact assessment is required for PPC installations with 
a significant risk of odour effects 
• WML applications require submission of an odour risk assessment 
• specific guidance requires a screening assessment for some installations 
(e.g. for intensive livestock/poultry) and there must be a detailed 
assessment if sensitive receptors are within 400m or there have been 
previous justified complaints. 
2. Permit holders need to demonstrate ongoing compliance by including: 
• an Odour Management Plan (aMP) and; 
• Odour monitoring 
a) of source emISSIons; e.g. by dynamic dilution olfactometry 
(DDO) 
b) at the boundary or at sensitive receptors; e.g. Sniff Tests 
6.4.3 The statutory nuisance system 
The third legislative system of regulating pollution, including odour, in the UK is 
covered under Part III of the Environmental Protection Act and is called the statutory 
nuisance system. 
6.4.3.1 Part III of the Environmental Protection Act 1990 
The control of existing premises and activities, not covered by planning conditions 
restricting the impact of odour and not regulated under specific pollution control 
legislation, relies upon the statutory nuisance controls detailed in Part III of the EP A 
1990. This part of the Act contains the main legislation on statutory nuisance, which 
applies in England, Wales and Scotland, and allows local authorities and individuals to 
take action to secure the abatement of the statutory nuisance. Section 79 (1) of EPA 
defines statutory nuisances as including: 
, .... . c) fumes or gases emitted from premises so as to be prejudicial to health or a 
nuisance (from private dwellings only); 
d) any dust, steam, smell or other effluvia arising on industrial, trade or business 
premises and being prejudicial to health or a nuisance ....... ' page 86-87 
Activities that might be included in the definition of statutory nuisance are, for example, 
odours emanating from hot food restaurants, the spreading of slurry onto land and 
odours from the keeping of animals. 
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Hence there are two limbs for enforcement action for odours: 
• the nuisance limb - there is no definition of nuisance in the Act but to 
be actionable the nuisance must be 'substantial and unreasonable'. It is 
the duty of LAs to take action under this legislation. 
• the health limb - the definition of the health limb is (section 79(7)): 
'injurious, or likely to cause injury to health' 
The test for whether a matter is prejudicial to health must be if it results in ill health in 
the form of disease. It demands more than mere discomfort or annoyance and requires 
proof of harmful effects or the risk of such effects. There must be some expert 
evidence to substantiate the claim when an allegation of prejudice to health is made. 
The standard required to show prejudice to health is therefore higher than that of the 
nuisance limb. Local authorities, as the 'statutory authority', or individuals, can take 
enforcement action for statutory nuisance. 
a) Action by Local Authorities 
Under sections 79 to 81 of the Environmental Protection Act, the Local Authority (LA) 
has the duty to deal with odour from industrial, trade and business premises that they 
consider being a statutory nuisance. The authority can serve an 'abatement notice' on 
the person(s) responsible for the nuisance where it considers that a statutory nuisance 
exists. Failure to comply with the terms of the abatement order notice may result in 
prosecution at Magistrates' Court. For example, odour from wastewater treatment 
works tends to be regulated by local authority Environmental Health Officers under the 
statutory nuisance provisions of the Act, although some works are regulated under the 
IPPC regime. An example of an odour issue at a wastewater treatment site and subject 
to successful abatement is described by (Jarvis, 2006). 
Action for nuisance defined in c) and d) above may only be taken by a local authority, 
when the process is regulated under the EPA, with the consent of the Secretary of State 
(England) or the Welsh or Scottish Ministers. This is because action should be taken 
first under Part I of EPA (i.e. not under the nuisance legislation). Nuisance action can 
only be taken if activities on a regulated site are not covered by the environmental 
permit. This is often the case for sewage treatment works where odour is sometimes 
regulated under planning conditions and an environmental permit. The defence in 
respect of odour nuisance from industrial activities is that of Best Practicable Means 
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(BPM), which is a standard set by the regulating authority. BPM is taken to imply 
'practicable' in terms of the technical and financial implications of the activity bearing 
in mind the local conditions of the operation. A High Court ruling in the 2003 case of 
Hounslow LBC v Thames Water Utilities Ltd determined that the term 'premises' could 
include sewage treatment works and that odour from these sites can be considered under 
statutory nuisance (EWHC 1197 (Admin), 2003). 
It is worth noting that statutory nuisance legislation cannot be used to take action 
against land which is in a 'contaminated state' s79 (lA) or military land s79 (2) 
(Environmental Protection Act, 1990). 
b) Action by Individuals 
Individuals may also take action to abate a statutory nuisance under section 82 of the 
EPA through the Magistrates' Court. Statutory nuisance may also be an "ordinary" 
nuisance at common law. It may still be possible for tort proceedings to be brought by 
persons aggrieved by the common law nuisance by applying directly to the Magistrates 
Court if, for any reason, the local authority is unwilling to act on their behalf. 
6.5 HEALTH PROTECTION IN THE REGULATORY CONTROL OF 
ODOURS 
The role of the 'health professional', that is staff who are competently qualified in the 
subject of health protection and/or environmental health, in regulating and controlling 
odour depends on which legislative regime is being applied and at what stage the health 
advice is sought. 
6.5.1 The health role in the planning control system 
Under the Town and Country Planning Act 1990 and the Strategic Environmental 
Assessment (SEA) regulations in the UK (i.e. the planning control system, Section 
6.4.1) health advice is sought from the local authority Environmental Health department 
and the Health Protection Agency, although the HP A is not a statutory consultee. The 
planning authorities considering the applications under the planning regime may, 
however, choose to approach the HP A or the Primary Care Trusts (PCTs) 17 in England 
or Local Health Boards (LHBs) in Wales, prior to developments being permitted, for 
17 peTs and LHBs provide front line health protection at the community level 
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health related comments. The health advice that is appropriate in these circumstances 
could be described as being a risk assessment at the strategic level. 
6.5.2 The health role in the pollution control system 
Regulators (the EA or LA) are required under the legislation of the pollution control 
regime (i.e. the PPC regulations or EPR, Section 6.4.2) to consult with a number of 
statutory consultees as part of the determination of the application process. This 
includes PCTs or LHBs, because of their 'specialist knowledge' in health protection at 
the local level, though the HP A is not a statutory consultee under the PPC or EPR. 
6.5.2.1 The application stage 
PPC and 'bespoke,18 EPR applications have a large and highly technical content, 
including, where appropriate, aspects connected with odour control and regulation. 
Considerable expertise, beyond the remit and scope of PCTs and LHBs, is often 
necessary to assess and interpret the detail contained within the applications. Therefore, 
the HP A supports their health partners in fulfilling their responsibilities as statutory 
consultees within the PPC and EPR regimes by carrying out this task for them. 
In early 2010, the EA and the HP A agreed to enter into a working together agreement 
for Environmental Permitting. As part of that agreement, the EA agreed to consult the 
HP A directly for applications for bespoke permits and substantial changes to existing 
permits. In addition the PCTs will also be consulted for these types of applications. 
6.5.2.2 At the operational stage 
The role of the regulators, EA and LA, does not cease once a permit has been issued, as 
there is on-going compliance with permit conditions. The HPA and/or the PCTsILHBs 
may become involved in cases of non-compliance with permit conditions that have 
health implications, including odour. The scale of non-compliance can be judged from 
the following statement that resulted from an enquiry to the EA on their National 
Requests email address regarding non-compliance of permit conditions related to odour: 
'the number of serious odour incidents in the last calendar year (2009) is 32'. Table 6.6 
18 Bespoke permits are written specifically for particular activities including those which could have a 
high impact on the environment. Standard permits are a set of fixed rules for common activities. 
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shows the number of odour related prosecutions the EA have taken during 2000-2009 
(Environment Agency National Requests, 2010). 
Table 6.6: Number of prosecution cases that the EA have taken 2000 - 2009 for odour 
2000 2001 2002 2003 2004 
o 5 4 
2005 
4 
2006 2007 
4 2 
2008 
o 
2009 
4 
The role of Environmental Health departments under the statutory nuisance regime is to 
decide if the odour complaint falls under the nuisance limb or prejudicial to health limb. 
It is exceptionally rare to find sufficient evidence to support the prejudicial to health 
limb, due to the reason stated in Section 6.4.3 above. However, specialist advice would 
be required to support a case where it is considered that the prejudicial to health limb is 
used. In such circumstances, consultation with the HP A or the Health and Safety 
Executive (HSE) (section 6.2.1) may be appropriate for deciding what the course of 
action should be (Defra, 2010b). 
6.6 GUIDANCE FOR PUBLIC HEALTH RESPONSE BY THE HPA 
6.6.1 Generic guidance 
The demand placed on Primary Care Trusts (PCTs), Local Health Boards (LHBs) and 
the Health Protection Agency by the pollution control regime is increasing in terms of 
expectation, volume and the need for quality and consistency (HPA, 2010). The HPA 
has reacted by developing general guidance for PCTs and LHBs. This guidance details 
the responsibilities of the PCTs and LHBs, how this statutory role fits in with their 
broader public health responsibilities and proposes principles necessary when agencies 
are providing responses to applications. This guidance comprises: 
• Volume 1: Introduction to Integrated Pollution Prevention and Control (IPPC). 
A Guide for Primary Care Trusts and Local Health Boards 
• Volume 2: Responding to IPPC. A Guide for Primary Care Trust and Local 
Health Board Professionals involved in responding to IPPC (HP A, 2004a; HP A, 
2004b). 
A number of other guidance documents have been produced regarding generic odour 
control and regulation and these are listed in Appendix Vl.2. 
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6.6.2 Public health odour guidance 
Guidance for PCTs, LHBs and HP A involvement with the health protection aspects of 
odour in the regimes of IPPC and Environmental Permitting is lacking. The 
Environment Agency produced detailed, albeit draft, odour guidance in 2002 relating to 
permitting and regulation of odour generating activities entitled, IPPC H4: Horizontal 
Guidance for Odour, Part 1: Regulation and Permitting and Part 2: Assessment and 
Control, but this guidance is no longer available (Environment Agency, 2002a, 
Environment Agency, 2002b) and has been replaced by a new guidance document, H4 
Odour Management, which is aimed at environmental permit holders and not health 
professionals (Environment Agency, 2011). 
One of the aims of this research has been to develop tools and guidance to aid health 
professionals to deal with the odour aspects of pollution control. One such piece of 
assistance has been the production of 'Odour Advice for Consultation Responses' 
guidance. A copy of the 'Odour Advice for Consultation Responses' guidance can be 
found in Appendix V1.3. 
6.6.3 Public health role in enforcement 
Once regulators have granted permits and licences, health professionals may remain 
involved during the operations of the permitted activity in terms of continual monitoring 
for compliance, and when non-compliance occurs and enforcement action by the 
regulators is undertaken. For example, the provision of health advice and an associated 
risk assessment was undertaken during the investigation of an odour incident at a site 
known as Dix Pit landfill site regulated (by the Environment Agency) (Harrison et aI., 
2007). This incident highlighted the issues that can arise when odorous substances are 
emitted from a regulated site and the HP A are consulted with respect to the public 
health implications. 
6.7 DISCUSSION 
There is a clear-cut requirement in the UK to regulate and control odours from industrial 
processes in order to prevent pollution and harm to human health. The three regulatory 
regimes of the planning control system (section 6.4.1), the pollution control system 
(section 6.4.2) and the statutory nuisance system (section 6.4.3) are complex and there 
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is a definite need for clarity in this area for operators of odorous activities, regulators 
and health professionals. 
Local planning authorities have a vital part to play in preventing and controlling odour 
pollution from future developments through the application of the land use planning 
system. Planners have the responsibility to refuse or grant permissions and can, if they 
see fit, attach conditions to permissions. No specific planning legislation or policy for 
odour control exists, although the introduction of the 'Odour Guidance for Local 
Authorities' has provided a useful guide for EHPs (Defra, 2010b). PPG23 does offer 
some guidance to planners, though it is generic guidance and not focussed on odour. It 
is apparent that the dividing line between planning and pollution control is not always 
clear and that overlaps exist. There is indeed overlap in the regulatory systems that is 
highlighted by the case of the waste water treatment industry and has resulted in a 
number of these works being subj ect to all three regimes. Advice from health 
professionals with respect to planning issues is sometimes sought, although this is not 
always the case (section 6.6.1). 
Local Authority Environmental Health Departments and the Environment Agency have 
the responsibility as regulators to permit and police operating odorous activities in a 
manner that will prevent and/or minimise pollution of the environment. Again, the 
advice of health professionals is frequently sought during the licensing/permitting 
process, although there is no available evidence to confirm or contest that this advice is 
being incorporated into granted permits, nor is it the purpose of this thesis to investigate 
such cases. Table 6.6 illustrates that in some circumstances it may become necessary for 
the EA to take prosecutions against operators allowing odorous emissions. 
There is no exact legal definition of a statutory nuisance, other than that stated above in 
Section 6.4.3, even though the law was established under the 1936 Act. This leads to 
very difficult cases in the law courts in terms of whether a matter is prejudicial to 
health, There are no objective standards for odour and it is a more difficult 'nuisance' to 
measure than noise, relying on subjective determinants; "It is often very difficult to put 
into words the nature of a smell" (Halsey v Esso Petroleum Co Ltd [1961] 2 All ER 142 
1 WLR 683, 1961). The unpredictability of odorous emissions is, of itself, a detrimental 
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factor and living in anticipation of disturbance can also be part of a nuisance. The 
primary solution for an ongoing nuisance is an injunction to prevent or control its 
continuance. 
Examples where injunctions have been issued in odour nuisance cases include Milka v 
Chetwynd Animal By-products (2000) (unrep) and Straker v Oakleigh Farms (1971). In 
the Milka case, the judge granted a prohibition injunction where the plaintiffs had 
endured three years of odour/noise nuisance from a neighbouring knackers yard and 
animal rendering plant. The judge suspended the operations for one month and then a 
further six weeks. In Straker, the court granted an injunction to bring under control the 
odour of chicken excrement from a large poultry farm (Thornton, 2010). 
6.8 SUMMARY 
This chapter has detailed the legislation and the regulations in force to control 
atmospheric odours in the UK and furthermore has explained the role of the various 
statutory and non-statutory bodies. Chapter 7, Criteria for controlling odours, discusses 
how the legislation has been interpreted into the development of air quality criteria for 
odorous activities. 
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CHAPTER 7 
7. CRITERIA FOR CONTROLLING ODOURS 
7.1 INTRODUCTION 
This chapter builds on the discussion contained in Chapter 6 (The legislative and 
regulatory control of odours) by examining the different ways the legislation is 
interpreted in order to control odours, therefore aiming to reduce the impact on 
individuals and populations. Control in this context refers to the control of odorous 
releases into the atmosphere in order to counteract their impact on individuals and 
communities. This chapter does not discuss process control criteria by engineering 
mechanisms, physical abatement for odour control, nor does it expand on the concept of 
Best Practicable Means (BPM) , as referred to in Section 6.4.3 Chapter 6, as this is 
beyond the scope of this thesis. Further information on BPM for specific industry 
sectors, where they exist, can be found in Appendix Vl.2. 
In general terms there are two legislative means for controlling odours that is by the 
setting of 'subjective' or 'objective' standards. Subjective standards are based on 
opinion and therefore open to bias, whereas objective standards are based on 
benchmarks or criteria that have their foundation in verifiable measurements or facts. 
Traditionally, environmental controls on emissions to the environment, whether to soil, 
water or air, take the form of specific guidance, standards or limit values. The principal 
objective of all such environmental standards, guidelines and limit values, whether 
criteria for air quality or any other environmental media, is to protect human health, not 
only in the general environment but, where applicable, in the occupational setting by 
preventing or reducing exposure to hazardous agents. Objective guideline values are 
traditionally established through scientific appraisals of existing data, including 
epidemiological and toxicological data, usually from animals. Margins of safety are 
frequently applied when developing guideline values in order to compensate for 
differences in response, extrapolation from animal species to humans and for variability 
within individuals in the human population. Guideline values therefore give quantifiable 
(scientific) and evidence based information on hazardous substances and, additionally, 
gives guidance to governments and regulatory authorities when they are formulating 
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risk management decisions and are particularly useful when setting standards. 
Governments and regulatory authorities set the standards (e.g. air standards) using 
guideline values, if they exist, taking due note of whether or not such standards can be 
achieved technically. Consideration of human health data must also be taken into 
account in terms of exposure levels and environmental, social, economic and cultural 
circumstances. The wider implications of setting standards must therefore be seen in the 
context of sustainable development and risk management. Chapter 5, Risk and odour 
exposure assessment, explains the procedures for risk assessment. 
This chapter describes how odour is controlled using odour guideline values and 
standards, where they exist, in England, Wales and Scotland and compares practice in 
other countries with this. The setting of standards/limits is variable throughout the world 
and largely depends upon the type of odorous activity being regulated and the potential 
of odorants to impact on human receptors. As stated previously, the setting of standards 
relies heavily on the existence of population based health related studies and research 
relating to the adverse effects of chemicals. In the absence of such data for odours (see 
Chapter 4, Odour impacts on health and well-being), the task of setting guideline values 
for these pollutants is extremely difficult. 
The prescription of standards and guideline values for occupational environments are 
briefly discussed, although the main focus of the chapter is with regard to 
environmental odours and control criteria. 
7.2 GENERIC GUIDELINES FOR ODOUR 
There is no legislation that specifically targets odour, its regulation or control, nor is 
there any recognition of the potential for odour to impact on exposed individuals and 
communities in a global setting (Chapter 6, The legislative and regulatory control of 
odours). Neither are there odour criteria available at the European level; e.g. under the 
remit of the European Union (EU). This situation exists because there is a general 
assumption that odour is considered a local or national issue and hence should be 
controlled accordingly at those levels. In addition, the complex nature of odours would 
make the development of such a generic guideline very complex. 
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This means that there are no associated guideline values for odour, which protects the 
global population, although some countries, including the United Kingdom, have 
developed national standards. On a global scale there is, however, a general principle 
and definition of what the term 'health' means and this definition is often adopted in the 
broadest sense in the prevention of ill-health from odours. The World Health 
Organisation (WHO) has defined the term 'health' as being, 
"a state of complete physical, mental and social well-being and not merely the absence 
of disease or infirmity" (WHO, 1946). 
Acknowledgement of the definition and its underlying principle is often borne in mind 
when countries around the world draw up regulations and standards for pollution 
prevention, including those for industries generating odorous emissions. The World 
Health Organisation has devised a small number of what they call 'guideline values' for 
limiting annoyance for single compounds with malodorous properties at concentrations 
below that at which toxic effects occur (i.e. the guideline value is below the 
toxicological threshold) (see Table 7.1). 
Table 7.1: Guideline values based on sensory effects or annoyance reactions, using an averaging 
time of 30 minutes. Adapted from source: (WHO, 2000) 
Substance Detection Recognition Guideline 
Threshold Threshold Value 
Carbon disulfide 
(index substance for 200 Ilg/m3 - 20 Ilg/m3 
viscose emissions) 
Hydrogen sulphide 0.2-2.0 Jlg/mj 0.6-6.0 Jlg/mj 7 Jlg/mj 
Formaldehyde 0.03-0.6 mg/m3 - 0.1 mg/m
j 
Styrene 70 Ilg/mj 210-280 Jlg/mj 70 Jlg/m j 
Tetrachloroethylene 8 mg/m3 24-32 mg/m3 8 mg/m3 
Toluene 1 mg/m
j 
10 mg/m3 1 mg/mj 
Guidelines define numerical values expressed either as a concentration in ambient air or 
as a deposition level associated with a given 'averaging time,19 In the case of human 
health, a guideline value provides a concentration below which no adverse effects or (in 
the case of odorous compounds) no nuisance or indirect health significance are 
19 the mean value of a continuously observed property (Le. concentration) calculated over a specific 
averaging time. 
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expected, although it does not guarantee the absolute exclusion of effects at 
concentrations below the given value (WHO, 2000). 
The guideline values in Table 7.1 were derived from field studies and expert panel 
assessments. In contrast to other air pollutants, levels of odorous substances in ambient 
air often cannot be determined easily and systematically by analytical methods because 
the concentrations are usually very low. Furthermore, odours in the ambient air 
frequently result from a complex mixture of substances and it can be difficult to identify 
the individual components (section 2.1.1, Chapter 2). The World Health Organisation 
suggests that future work for sensory annoyance may have to focus on odours as 
perceived by individuals rather than on the component odorous substances, the odorants 
(WHO, 2000). This suggestion implies that it may not be possible to set guidelines for 
all odorants and that efforts need to focus primarily on odour. Additionally, this could 
involve field study investigations and examination of dose-response effects in order to 
build knowledge of evidence based odour impact. 
7.2.1 Controlling exposure to occupational odours (UK) 
In occupational settings, workers are frequently exposed to airborne chemicals, often for 
long time periods and at relatively undiluted concentrations, which necessitates that 
protection is in place to ensure harm is prevented or kept to a practical minimum. 
Workplace exposure limits, the concentration of a substance allowed in workplace air, 
as opposed to emission limits on releases into the atmosphere are therefore established 
based on worker exposure to the airborne chemicals. Levels of substances considered to 
be hazardous in the workplace are defined as averages over specific time periods, 
referred to as a time-weighted average (TWA). Two time periods are considered to be 
necessary to prevent occupational harm, the short term ( 15 minutes) and the long term 
(8 hours, i.e. working day). The short term exposure limits (STELs) are prescribed in 
order to prevent health effects which may occur after exposure for a few seconds, such 
as eye irritation, whereas the long term exposure limits (L TELs) are intended to control 
effects which could be encountered over a longer time period, over one or more work 
shifts (HSE, 2005). In the UK, it is the responsibility of the Health and Safety Executive 
(HSE) to set occupational exposure limits (OELs) and these are based on toxicological 
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evidence of harm and not sensory annoyance. Therefore odour is not considered in the 
occupational environment. 
In 2005, the UK HSE departed from the use of OELs as maximum exposure limits 
(MELs) and occupational exposure standards (OESs) in support of a single type of 
OEL known as the workplace exposure limit (WEL) (HSE, 2005). The change resulted 
from concerns expressed by the Health and Safety Commission's Advisory Committee 
on Toxic Substances (ACTS) regarding how well OELs were then understood and 
applied. 
7.2.2 Controlling exposure to occupational odours (US) 
Occupational odour exposure level setting in the United States has been carried out 
within five frameworks - the Occupational Safety & Health Administration (OSHA), 
the National Institute of Occupational Safety & Health (NIOSH), the American 
Conference of Governmental Industrial Hygienists (ACGIH), the American Industrial 
Hygiene Association (AIHA) and state specific regulations. Since the 1960's, the US 
has issued a variety of controls for chemicals including occupational exposure limits 
(OELs), permissible exposure limits (PELs) and recommended exposure limits (RELs). 
The lack of updated or new OELs in the US due to legal and regulatory issues, and 
economic concerns compounded by political problems has led health professionals to 
look towards other health-based methods in order to risk assess chemicals encountered 
in the workplace. 
Occupational exposure limits (OELs) in the US, where they exist, are usually 
determined in terms of irritation to the chemicals at the single compound level, rather 
than exposure to the chemical's odorous properties. However, it has been demonstrated 
that the setting of OELs and their adherence in the work place may not, in some cases, 
be adequate enough to prevent all workers from reporting noticeable adverse health 
responses (Paustenbach and Gaffney, 2006). The explanation for this could possibly be 
that worker worry or beliefs regarding the consequences of exposure to odour from 
chemicals, leading to a higher incidence of symptom reports even when workers are not 
exposed to any detectable odour concentrations (Dalton, 2002). This suggestion 
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provides further evidence that standards are not purely about the 'science', and that 
environmental, social and cultural considerations should also be taken into account. 
Furthermore, 'quality of life' issues should encompass the workplace environment as 
well as non-occupational settings. Additionally, detection of odours may influence the 
worker's innate aversion to odours and pre-existing beliefs surrounding certain 
chemicals (Paustenbach and Gaffney, 2006). Therefore, on practical grounds, the 
primary objective of organisations charged with establishing OELs for chemicals, is to 
identify concentrations that do not cause irritation or trigger reports of unpleasant 
sensory stimulation in the majority (e.g., about 80-95%) of workers (Dalton, 2002, 
Paustenbach and Gaffney, 2006). This approach should, in an ideal world, also be 
employed in the setting of exposure limits (concentration and time) for odour, whether 
the receiving atmosphere is classed as occupational or non-occupational (i.e. the 
external environment). 
7.2.3 Controlling exposure to environmental odours (UK) 
Control of odorous emissions from activities can occur during the planning or the 
pollution control stage of regulation (section 6.4, Chapter 6, Legislative and regulatory 
control of odours). For the purposes of this discussion, planning and local authority 
(nuisance) control will only be considered in the UK, due to the fact that nuisance law 
in the United States is different. 
Planning criteriafor odour emissions 
Planning legislation and associated guidance attempts to control odorous emissions in 
the broadest sense by aiming to eliminate/minimise pollution, including odour, from 
planned developments. Planning guidance advises that any conditions set should be 
relevant, enforceable, necessary, precise and reasonable (Planning Portal, 2011). More 
recent developments in planning legislation have been highlighted, whereby local 
authorities can impose planning conditions on granted permissions to: "control to 
prevent or limit odour nuisance", however "there is no official standard for odour or 
odour exposure" set by Government and therefore planning authorities have difficulty 
in setting such conditions (Clarkson, 2000 p.35). 
Environmental Permitting - Part B activities 
Local authorities can impose conditions on the permits they approve; e.g. conditions 
stating that 'no offensive/objectionable odour outside or beyond boundary' (NOOBB) 
Helen Smethurst 
University of Surrey 125 
Chapter 7 - Criteria for controlling odours 
of the site exists. NOOBB is considered a practical measure of nuisance and has been 
tested in UK. courts. In Scotland, the Scottish Environmental Protection Agency (SEP A) 
took oil seed rape processing company to court after receiving over 4,000 complaints 
over an unspecified time period. The company, Seed Crushers, argued that the condition 
on their Part B authorisation, created an unacceptable level of uncertainty for the works 
as it was based on the perception of a SEP A officer. The Scottish High Court ruled that 
the condition laid down a standard that was ascertainable and the officer's view was a 
way of verifying, readily but not conclusively, whether or not the standard had been 
met. 
In England, the Court of appeal dismissed an application challenging the sector specific 
guidance for animal rendering that requires emissions from these operations to comply 
with NOOBB. The UK. Renderers Association suggested that an odour boundary 
condition had nothing to do with the use of best available techniques not entailing 
excessive costs (BATNEEC) but was more about meeting a standard. The court ruled 
that the odour boundary condition was appropriate. The no offensive/objectionable 
odour outside or beyond boundary condition is still in force at an animal rendering plant 
in Newham, East London (John Knight Ltd). The local council regulates the site as it 
falls under a Part B permit. In March 2011, the company was taken to court for allowing 
'appalling smells', according to the local residents, to emanate from the works and 
ordered to pay a fine of £75,000 (CIEH, 2011). This followed a similar breach of permit 
conditions, for odour, by the same company in 2009. 
Nuisance criteria for odour 
Odour pollution in the UK not falling under the Environmental Permitting regulations is 
dealt with as a nuisance issue under Part III of the Environmental Protection Act 1990. 
Statutory nuisance and its definition are discussed in section 6.4.3 of Chapter 6, The 
legislative and regulatory control of odours. 
Local authority environmental health departments in the UK have the responsibility to 
'police' their areas for statutory nuisance, including, wherever practicable, investigating 
complaints about odour nuisance from members of the public. In determining whether 
odours are offensive, local authority inspectors will take into account the nature, 
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offensiveness, frequency, intensity and duration of exposure of the odour, known as the 
FIDOL factors, which is a framework to assist in nuisance investigations (Table 7.2). 
In reality, the idea that one can describe odours by using only five terms is accepted as 
being relatively naIve and other criteria are often used in conjunction with FIDOL, 
including utilising measurable factors such as odour concentration and the number of 
people 'affected'. The intensity and offensiveness of an odour can only be determined 
by subjective methods and, therefore, these two factors are open to interpretation and 
bias (see section 2.3 Chapter 2, Odorants and odour) 
Table 7.2: Relating odour impact in terms of offensiveness for statutory nuisance purposes 
Adapted from source: (Defra, 201 Ob) 
The FIDOL factors 
determining offensiveness 
Frequency (how often an 
individual is exposed to 
odour) 
Intensity (the perceived 
strength of the odour 
proportional to the log 
concentration) 
Duration (the length of the 
particular odour event or 
episode. 
Duration of exposure to the 
odour 
Offensiveness (offensiveness 
is a mixture of odour 
character and hedonic tone at 
a given 
concentration/intensi ty) 
Location (the type of land use 
and nature of human activities 
in the vicinity of an odour 
source. Tolerance and 
expectation of the receptor 
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Factors determining Comments 
statutory nuisance 
Frequency (how often an Even an odour with quite a 
individual is exposed to pleasant hedonic score can be 
odour) perceived as a statutory 
nuisance if exposure is 
frequent. 
At low concentrations a 
rapidly fluctuating odour is 
more noticeable than a steady 
background odour, i.e. this is 
an aggravating factor 
Level of odour Factors are equivalent 
Duration Factors are equivalent 
Type of odour Some odours are universally 
considered offensive, such as 
decaying animal matter. Other 
odours maybe offensive only 
to those who suffer unwanted 
exposure in the residential 
intimacy e.g. coffee roasting 
odour 
The characteristics of the Factors are essentially 
neighbourhood where the equivalent 
complaints occur 
The sensitivity of the Statutory nuisance uses the 
complainant concept of the response of the 
average, reasonable person 
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Despite the relative shortcomings in the FIDOL criteria, the concept is regularly used 
for conducting basic odour impact assessments, especially for local authority 
investigations. For example, the FIDOL criteria can be incorporated into 'odour diaries' 
in which residents record the times and dates of reoccurring odour nuisance. 
Nuisances, including those from odour, can cause changes in personal behaviour, such 
as closing windows and staying indoors. Changes in attitude of those affected by the 
issue also take place, as people try to 'cope' with the odour to which they are subject; 
e.g. (Shusterman, 1999). In addition, despite exhibiting behavioural and/or attitudinal 
coping strategies, many people who experience malodours also feel annoyed and/or 'ill' 
(Shusterman, 1999). It becomes the role of health professionals to interpret the 
relationship between cause and effect when health symptoms are reported as suspected 
associates of the odour complaints. The impact that odours can have on health and well-
being are discussed in Chapter 4, Odour impacts on health and well-being. 
Environmental Permitting - Part A activities 
The Environment Agency, as regulators of the most polluting activities, including 
odour, have previously produced guidance for the regulation of odour from sites under 
the Environmental Protection Act (EPA), the specific legislation being the Integrated 
Pollution Prevention and Control (IPPC) regime. The guidance, entitled IPPC H4: 
Horizontal Guidance for Odour, Part 1: Regulation and Permitting and Part 2: 
Assessment and Control, was produced in draft form but never officially sanctioned or 
'signed off as final (Environment Agency, 2002a) (Environment Agency, 2002b). 
Despite this, other regulators and industry sectors have readily accepted Parts 1 and 2 of 
the guidance since release. These guidance documents specifically state that the aim of 
the regulations is to ensure that there is; 
"No reasonable cause for annoyance" 
from installations emitting odours (Environment Agency, 2002a). In terms of numerical 
limits for preventing harm to human health, the Environment Agency recognises that 
the scientific basis underpinning regulation is still a developing field and therefore state 
that the; 
"Agency will aim to regulate odorous emissions by the imposition of emission limit 
values (ELVs), where this is feasible or equivalent parameters and technical 
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conditions" (Environment Agency, 2002a). 
Where EL V are not available, and to date none has been produced, the Environment 
Agency proposed the setting of 'benchmark standards' and indicated which industries 
they considered being capable of producing' offensive odours' . 
In 2009, the Environment Agency circulated a revised and slimmed down, one part 
consultation version of the H4 Odour Guidance with most of the original reference 
material (from Part 1 and 2) having been removed (Environment Agency, 2009). 
After receiving 'numerous responses' from industry, consultants and Government 
bodies, the Environment Agency held two workshops in March 2011 in order to answer 
the issues raised (personal communication with the Environment Agency in January 
2010). The product of the consultation and the workshops was published on the 
Environment Agency's website in April 2011, as 'H4 Odour management' 
(Environment Agency, 2011). The main changes from the original 2002 guidance, the 
2009 version, to the 2011 version are as follows: 
• Clarification is given that the H4 guidance is only applicable to activities 
regulated by the Environment Agency where there is an odour condition;20 
• Clarification is provided that the Environment Agency will support odour 
modelling "when it is done well";21 
• That atmospheric dispersion modelling standards remain unchanged from the 
original H4 document, suggesting that 10% of the population could potentially 
be annoyed for 2% of the year; 
• The issue of the "boundary" condition has been clarified - the Environment 
Agency have confirmed they will only take action where a sensitive receptor is 
affected; 
• The Environment Agency has clarified that, while there are many types of 
sensitive receptor, they give more weight to those who are significantly affected 
20 This begs the question regarding odorous activities that potentially do not fall under this suggestion i.e. 
the remediation of contaminated land sites 
21 Presumably this will be determined by the Environment Agency 
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(for example, residents and businesses such as pubs and hotels), rather than 
those who are passing by an odorous site (for example, people using a footpath); 
• The section providing guidance on the preparation of Odour Management Plans 
has been completely revised. 
The H4 Odour guidance (2011) imposes the following odour conditions on the permits 
the Environment Agency issue, stating that; 
"The current form of the odour condition used in our environmental permits is shown 
below and consists of two elements: 
• the odour boundary condition, which specifies the outcome which the operator 
must achieve (i.e. no pollution beyond the site boundary); and 
• a condition requiring compliance with an OMP22 (where activities are 
considered to give rise to odour) 
There may also be specific operational conditions relating to odour control, which 
require certain techniques or specify emission limits. 
These conditions are specified as; 
"The Odour Boundary Condition 
Emissions from the activities shall be free from odour at levels likely to cause pollution 
outside the site, as perceived by an authorised officer of the Agency, unless the operator 
has used appropriate measures. including. but not limited to. those specified in an 
approved odour management plan. to prevent or where that is not practicable to 
minimise the odour." 
"The Odour Management Plan Conditions 
For activities that are listed in Annex 2 of How to Comply with your Permit which are 
likely to give rise to odour problems an OMP will be submitted for approval as part of 
the permitting process. There is a general operational condition (2A), in such permits, 
that requires the operator to comply with this plan and to submit revisions of the plan in 
the future, should this prove necessary. 
22 Odour Management Plan 
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2A "(a) The activities shall, subject to the conditions of this permit, be operated 
using the techniques and in the manner described in the documentation specified 
in Schedule 1, Table Sl.2, unless otherwise agreed in writing by the Agency. 
(b) If notified by the Agency that the activities are giving rise to pollution, the 
operator shall submit to the Agency for approval within the period specified, a 
revision of any plan specified in Schedule 1, Table Sl.2 or otherwise required 
under this permit, and shall implement the approved revised plan in place of the 
original from the date of approval, unless otherwise agreed in writing by the 
Agency. 
Permits carrying out activities that have a low odour risk will contain condition 2B 
below, which allows us to require an OMP should there be an unexpected odour 
problem after the permit has been granted. 
2B The operator shall: 
(a) ifnotified by the Environment Agency that the activities are giving rise to 
pollution outside the site due to odour, submit to the Environment Agency for 
approval within the period specified, a new or revised odour management plan; 
(b) implement the approved odour management plan, from the date of approval, 
unless otherwise agreed in writing by the Agency. " (Environment Agency, 
2011). 
One of the key issues with the Environment Agency's 2011 guidance is the lack of 
justification for the departure from previous permit conditions to control odour, to the 
'new' conditions as stated above. Examples of odour conditions that have been 
previously successful, in the regulatory sense, by controlling odours or prosecuting 
cases would probably have demonstrated to industry and consultants alike that lessons 
had been learnt. 
In the H4 guidance (2011), the Environment Agency has prevailed with 'benchmark 
standards' for odour control as per the 2002 document (see Table 7.3). The standards 
remain based on the 98th percentile of hourly average concentrations of odour, 
modelled over a year at the site or installation boundary (Environment Agency, 2011). 
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The Scottish Environmental Protection Agency has also adopted the same standards 
(SEP A, 2010). 
Table 7.3: Benchmark standards. Adapted from source: (Environment Agency, 2011) 
Sources of highly offensive odour 1.5 odour units 
Sources of moderately offensive odour 3 odour units 
Sources of less offensive odour 6 odour units 
Any modelled results that predict exposures greater than the benchmark levels, after 
taking uncertainty (i.e. emission and weather data) into account, indicate the likelihood 
of unacceptable odour pollution (Environment Agency, 2011). 
The benchmarks are expressed as multiples of the odour concentration level determined 
by olfactometry (section 2.5.2 Chapter 2). As a very approximate guide, where an odour 
unit as defined by the CEN standard as 1 OUE (European Odour Unit), values equate to 
the following (CEN, 2003): 
• 1 ouElm3 is the point of odour detection 
• 2 - 5 ouElm3 is where the odour is recognisable 
• 5 ouElm3 is a faint odour 
• 10 ouElm3 is a distinct odour 
Values for background odours, such as cut grass and from traffic, are typically in the 
range of 5 - 40 oUE/m3• 
The Environment Agency state that odour dispersion modelling should be used to 
determine the predicted concentration of odour calculated on a 98th percentile of the 
hourly average (Environment Agency, 2011). In other words, when the hourly average 
concentrations of odour are modelled over a year (8760 hours in a year), two per cent 
(175 hours) of those hourly average concentrations must not exceed the standards 
quoted above. Any modelled results that project exposures above these benchmark 
levels, after considering uncertainty, should be interpreted as predicting an unacceptable 
level of odour pollution. 
Helen Smethurst 
University of Surrey 132 
Chapter 7 - Criteria for controlling odours 
The Environment Agency does not endorse or favour any particular dispersion model 
for the modelling of odours and leaves the choice to the operators/applicants to justify 
their choice (Environment Agency, 2011). However, it should be noted that most 
dispersion models assume that the meteorological conditions are constant throughout 
the, in this case 1 hour, time averaging period and calculate the ensemble average. In 
reality this is rarely the case and short timescale variations occur due to turbulence in 
the boundary layer. These turbulent fluctuations result in short-term concentration 
'peaks' which have the potential to cause nuisance odours. Ignoring the effect of 
turbulent fluctuations in odour modelling can lead to an underestimate of the peak 
values and therefore of the overall short-term impact of the release. The subject of 
atmospheric dispersion modelling, its application to the modelling of odour and the 
uncertainties associated with this type of modelling are considered further in Chapter 9, 
Atmospheric dispersion modelling and odour modelling. 
The determination of what type of odour is considered to be highly, moderately and less 
offensive is a contentious one. Indicative examples of 'offensive criteria' have been 
adopted by the Environment Agency (Table 7.4). 
Table 7.4: Indicative examples of odours considered being offensive. Source: (Environment 
Agency, 2011) 
Highly offensive 
• processes involving decaying animal or fish remains 
• processes involving septic effluent or sludge 
• biological landfill odours 
Moderately offensive 
• intensive livestock rearing 
• fat frying (food processing) 
Less offensive 
• brewery 
• confectionery 
• sugar beet processing 
• well aerated green waste composting 
• coffee roasting 
• bakery 
7.2.4 Controlling exposure to environmental odours (international) 
As stated above (section 6.1, Chapter 6, The legislative and regulatory control of 
odours), there are various approaches around the world to the regulation of odours but 
there is no consensus with regard to the setting of odour exposure/emission limits. The 
most common approach is to set offsite limits or guidelines for odours based on odour 
units (ou) or comparable units; i.e. the concentration of the odour or odorant. The level 
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of odour concentration allowed is highly variable between countries and tends to 
depend upon a number of factors, including the nature of the receiving environment, the 
averaging time in terms of odour measurement, the required compliance frequency and 
the nature of the source, (i.e. waste water treatment works or a bakery) (Table 7.5) 
(Nicell, 2009). 
Table 7.5: Examples of odour concentration (ou) limits or guidelines used in various 
jurisdictions throughout the world. Adapted from source: data from (Mahin, 2001) and R WDI 
Air Inc., 2005 cited in (Nicell, 2009) 
Location Odour limit (ou or Averaging time @ compliance 
equivalent) frequencya 
Bay Area Air Quality District 5 (fence line) Applied after at least 10 complaints 
(San Francisco, USA) within a 90 day period 
Colorado (USA) 7 (residential or commercial) Scentometerb 
Connecticut (USA) 7 Scentometerb 
Denmark 0.6 -1.2 1 h@99% 
Hong Kong 5 5s 
Massachusetts (USA) 5 Ih 
Netherlands 0.5 (sensitive receptors) 1 h @ 99.5% - for new facilities 
Ih @ 98.0% - for existing facilities 
Newbiggin-by-the-sea and 5 Not specified @ 98% compliance 
Derby WWTP (UK) 
New Jersey (USA) 5 5 min or less 
New South Wales (AU) 2 (urban) 1 s @99.5% 
7 (rural) Is@99.5% 
15 (area source) 1 s @99.5% 
New Zealand 2 1 h@99.5% 
North Dakota (USA) 2 Scentometerb 
Oregon (USA) 1-2 15 min 
Philadelphia (USA) 20 (residential) <100 h/yr non-compliance -
wastewater treatment plant 
Queensland (Australia) 10 1 h@99.5% 
San Diego WWTP (USA) 5 5 min@99.5% 
Seattle WWTP (USA) 5 5 min 
South Australia (AU) 2 (2000 persons) 3 min@ 99.9% 
4 (350 - 1999) 
6 (60 - 349) 
8 (12 - 59) 
10 (residence) 
Taiwan 50 (petrochemical park) Not specified 
Tasmania 1 3 min@99.9% 
Western Australia (AU) 2 3 min@99.5% 
4 3 min @ 99.9% 
aIn cases where compliance frequency IS not quoted, the stated hmIt on odour concentratIOn IS 
assumed to be a maximum 
b A 'scentometer' is a device that measures odour concentration in the field. Since it is an on the 
spot measurement, it appears to be a near instantaneous measure of odour, rather than a time 
averaged value. 
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The main difficulty that all countries must address is to develop guidelines that reduce 
the impact of odours on communities whilst not setting them impractically low by being 
excessively precautionary or protective (Mahin, 2001). 
The most common approach to regulating odours is the setting of standards and 
guidelines that are applied to emissions travelling off-site. This form of guideline is 
sometimes specified for individual chemicals that are known to be odorous and are 
commonly emitted from a particular industry (i.e. hydrogen sulphide from waste water 
treatment works). The recognition that odours are a mixture of chemicals and the 
development of standard methods for measuring odours has led to limits being specified 
as concentrations of odour, as odour units or equivalent. Often the guidelines are based 
on predicted, as opposed to monitored odour concentrations off-site. In other words, 
these guidelines are based on the measurement of odour at the source and the 
subsequent modelling of the dispersion into the environment; i.e. beyond the site 
boundary. Dispersion modelling of odour is discussed in Chapter 9, Atmospheric 
dispersion modelling and odour modelling. 
In New South Wales, Australia, odour concentration values as 99th %-iles (as 1 second 
averages) are based on population densities as follows: 
• Urban (population density = 2000) = 2.0 ou/m3 
• Population density is 500 - 2000 = 3.0 oulm3 
• Population density is 125 - 500 = 4.0 oulm3 
• Population density is 30 - 125 = 5.0 ou/m3 
• Population density is 10- 30 = 6.0 oulm3 
• Rural/single residence «2) = 7.0 ou/m3 
In some jurisdictions, 'odour intensity scales' have been utilised as a tool to control 
environmental odours. In Japan, an intensity scale of 0 - 5 is utilised where 0 = no 
odour, 1 = just perceivable, 2 = faint, 3 = easily perceivable, 4 = strong, 5 = repulsive. 
An intensity of less than 2.5 to 3.5 on this scale is considered to be acceptable (Nicell, 
2009). A similar intensity scale from 0 - 4 is employed in the US state of Washington, 
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where scale 2 equates with odour that is 'distinct and definite' and 'any unpleasant 
characteristics recognizable' (Nicell, 2009). 
7.3 INDUSTRY SPECIFIC ODOUR STANDARDS 
There are several other documents which are not specifically on the subject of odours 
but do include sections on odour in relation to specific industrial sectors. For more 
details see Appendix Vl.2. In addition, good practise guides for sewage treatment 
works and for compo sting facilities have been published by the Department for 
environment, food and rural affairs (Defra, 2006, Defra, 2009). 
In other countries the adoption of industry specific odour standards is in place. In 
Holland, for example, the following standards apply based on a 98th %-ile (of 1 hour 
average odour concentrations), which is comparable to the Environment Agency 
benchmark standards and indicators of offensiveness (Mahin, 2001). 
• 0.5 ou/m-3 for meat processing 
• 1.5-3 ou/m-3 for sewage plants 
• 5 ou/m-3 for bakeries 
7.4 SPECIFIC ODOUR THRESHOLDS AND SAFETY FACTORS 
The adoption of 'threshold levels' or 'safety values' have been proposed for a number 
of chemicals in an attempt to assess the potential problems that exposure to those 
odours may cause. This approach relates only to single chemicals, something that must 
be considered further if the thresholds and factors are to be used in the context of 
assessing a mixture of chemicals. The safety factors proposed were developed in 
response to occupational exposure to chemicals considered odorous and therefore 
having some toxicological and/or epidemiological basis. The odour thresholds of 53 
odorant chemicals emitted from chemical manufacturing operations were determined in 
the late 1960's. A standardised and defined procedure was utilised in order to minimise 
the variability in the results (Leonardos, 1969). A data review on 214 odorous industrial 
chemicals resulted in calculated threshold limit values (TL V), a safe dilution factor and 
an odour safety factor for each (Amoore and Hautala, 1983). The odour and irritation 
thresholds of 450 chemicals were also reviewed and published (Ruth, 1986). The 'high' 
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and 'low' values appear to be the range at which that chemical was detected in these 
experiments. 
Table 7.5: Some examples of odour thresholds and irritation concentrations of chemicals 
Adapted from source: (Ruth, 1986) 
Chemical Odour low Odour high Description Irritating 
compound mg/m3 m2/m3 conc. mg/m3 
Ammonia 0.0266 39.6 Pungent 72.00 
Hydrogen 0.007 0.0140 Rotten eggs 14.00 
sulphide 
Xylene 0.3480 174.0000 Sweet 435.00 
The Environment Agency suggests that modelling the odour impact of a single 
substance is permissible. A detection threshold of the odorant must be used that has 
been determined by experimentation. Then, with knowledge of whether the specific 
chemical would be considered highly, moderately or less offensive, a benchmark 
concentration can be calculated. So, for example, methyl methacrylate has a reported 
detection threshold of 0.38mg/m3. The chemical is considered highly offensive and so it 
should be modelled to 1.5 odour units (see Table 7.4). Since 1 odour unit is the 
'theoretical detection threshold', the equivalent concentration is 1.5 x 0.38 = 0.57mg/m3 
(Environment Agency, 2011). 
It must be pointed out that, in a few cases only do single chemical substances play the 
major role in creating odours (i.e. a catalyser in foundries which is a amine and smells 
like rotten fish and hydrogen sulphide in steel production which has the odour rotten 
eggs). Odours, as stated previously, are generally made up of a mixture of substances. 
Single substances are then considered to be a proxy for the main odour. 
7.S SUMMARY AND CONCLUSIONS 
The main challenge that countries encounter during the regulation and control of odour 
is developing guidelines that prevent, or at the very least minimise the impact of odours 
on communities, whilst the standards themselves must not be overly protective (i.e. 
impractical). Standards set which are difficult to achieve, whether due to technological 
limitations or in financial terms, can create other problems, such as disproportionately 
valuing risk-related consequences over other concerns (i.e. economic) and can be 
unsustainable (CIWEM, 2011). 
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The development of numerical standards is almost certainly preferable to a subjective 
standard such as NOOBB, removing personal beliefs and feelings from the debate. 
However, quantifying something that is inherently subjective has proved to be difficult. 
Maybe combinations of measures need to be considered, after all NOOBB has been 
proven to be effective enforcement criteria in recent court cases (CIEH, 2011). 
Any numerical air quality criteria for odour should have its foundations, like any other 
environmental quality or health standard, based on rigorous epidemiological data and 
toxicological studies, possibly in the form of dose-effect studies. Such studies have been 
previously carried out, although there were only a few undertaken and they took place 
some years ago. They were mainly carried out in the Netherlands on intensive pig 
farming operations, during the period 1984 - 1996. In the absence of any other 
standards these benchmark standards are used in the UK today. The application of these 
standards to the variety of odorous industries here in the UK is clearly questionable. 
Indeed the justification for the use of the Dutch standards does not appear to exist and 
there is no reference to this research in the Environment Agency's H4 Odour Guidance. 
Another concern surrounds how the Dutch standards were derived. Methods used to 
measure odours by olfactometry have changed since the 1980's and 1990's and there is 
now a European standard for olfactometry. The Dutch standards were derived 
differently and quoted as 'Dutch Odour Units ,23. It is not clear if the transition from the 
Dutch odour unit to the European odour unit has occurred during the derivation of the 
UK standards. 
Some industries have adopted the Environment Agency benchmark standards, as 
indicators only, including the Chartered Institute of Waste and Environmental 
Management (CIWEM, 2011). Further work in this area needs to be undertaken for 
different industry sectors, in more up to date settings and utilising a variety of analytical 
and sensory techniques. Perhaps research regarding numerical standards should first 
look towards odours in the occupational environment, maybe focussing on a particular 
industry, before considering odours in an environmental setting. Research in the 
occupational setting, where worker experience suggests that standards are not 
23 1 OUE is equal to 2 Dutch odour units 
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preventing health effects, provides further evidence that standards are not purely about 
the 'science', and that environmental, social and cultural considerations should be taken 
into account. 
Other factors that need to be taken into account during the formulation of any odour 
standard are the duration and frequency of exposure to an odour, as these are important 
factors in human perception (section 3.5.1, Chapter 3). The relative offensiveness or 
inoffensiveness of a particular odour is also an important determinant of its effect on 
individuals and communities (section 2.1.1, Chapter 2). Odours that are considered 
offensive should have stricter standards applied to them as they are more likely to cause 
annoyance in the population and potentially associated reports of health effects (section 
4.2.3 and 4.4, Chapter 4). 
The World Health Organisation recommends that future work for sensory annoyance 
could possibly focus on odours as perceived by individuals rather than on the 
component odorous substances. This could involve investigations based on field studies 
and examining dose-response effects in order to build knowledge of evidence based 
odour impact (WHO, 2000). 
Another consideration is that many of the existing criteria have their basis in theoretical 
concerns and discussions dominated by debates on the features and uncertainties of 
atmospheric dispersion modelling, rather than 'people data' observed in the real world 
(Van Herreveld, 2003). Research into the community impacts of odours should look at 
all types of assessment tools, including dispersion modelling, field testing, site 
investigations, olfactometry and community surveys. It has been suggested that an 
assessment tool, such as the percentage 'population annoyance', could be used as an 
indicator of psychological stress induced in populations when exposed to industrial 
odours (Freeman and Cudmore, 2002). This methodology forms the basis of objective 
odour policy and assessment standards in Germany and the Netherlands and, as such, 
has been adopted in New Zealand as best practice for managing odour impacts in an 
outcome based approach. Conceivably this approach could be adopted in the UK 
utilising the practises already in place in other countries. For example, in Germany all 
odours caused by industry are defined as an annoyance under the German Federal 
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Protection Act for Ambient Air. The issue is to detennine whether an annoyance is a 
'significant disturbance'. The resulting Directive on Odour has ensued from the 
legislation and is considered to be a success (Both, 2001). The development of similar 
research in the UK is a possibility utilising the current sources of odour complaints and 
investing in future studies in and around odorous facilities and activities. 
The provision of guidance, (i.e. the Environment Agency's H4 Odour guidance, 2011) 
leads to consistency in the standards, although it unfortunately means that all odours are 
considered to be equal or fall within the broad definitions of 'offensive'. From previous 
discussions, (section 2.7, Chapter 2) is has been demonstrated that odours are not the 
same and that the tenn 'odour' is a catch-all word that includes many different and 
dissimilar odours. Should there be different standards for different industries? The 
setting of sector specific guidelines or standards would be difficult without the 
background toxicology or epidemiology for the particular odours. This would probably 
entail research with regard to dose effect studies for specific industries, similar types of 
odours or particular odorants. Different measures for odours also need to be considered 
in relation to offensiveness, as this factor may not be the best measure of annoyance. 
Indeed some odours are more offensive than others. The detennination of what type of 
odour is considered to be highly, moderately and less offensive is a contentious one yet 
needs to be tackled. Population and laboratory studies regarding odour 'offensiveness' 
are available, albeit from limited investigations, and these should be utilised rather than 
making decisions purely on preconceptions of what odours communities may find 
offensive. 
It is interesting to note that, whilst the odour standards remain unchanged from the 2002 
version, the original 2002 version of the H4 guidance stated in regard to the proposed 
odour standards that "no scientific evidence has been found to show how these (i.e. the 
odour standards) relate to annoyance. Whilst some evidence has since emerged, this 
appears to remain a standard much driven by (as the original H4 stated) "convention and 
increasingly wide use". Despite this, the standards are now widely used and is cross 
referred to in other guidance from Defra in the National Policy Statement for Waste 
Water and SEPA's Odour Guidance (Defra, 2010b; SEPA, 2010). 
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There is also concern that the current H4 Odour guidance does not recognise the role of 
the Health Protection Agency in situations where odour is suggested as being a threat to 
human health. Similarly, there is no recognition that regulated sites that fall outside the 
current legislation and guidance can still cause odour problems. There is a requirement 
and a responsibility on all regulatory and advisory bodies to review the control of sites 
that fall into this bracket and to revise and learn from the current situation. Interventions 
need to occur if sites have the potential to produce odours causing annoyance in the 
community. The example that has been encountered during the course of the EngD 
project is that of the remediation of contaminated land which is considered in further 
detail in Chapter 10, Odour and health protection issues. 
A list of all the case studies considered in further detail in Volume 2 is: 
Acute case study (1) - A rotten egg smell at a landfill site (February 2007) 
Acute case study (2) - Odours at a major London hospital (April 2007) 
Acute case study (3) - Odours in a residential care home (September 2007) 
Acute case study (4) - Strange odours in south-east England (April 2008) 
Acute case study (5) - Fairline boats (July 2008) 
Acute case study (6) - Garlic odour in a law court (April 2009) 
Chronic case study (1) - Remediation of contaminated land (January 2009) 
Chronic case study (2) - Composting site (April 2010) 
Whilst the revision of the H4 guidance helps clarify some of the issues regarding the 
treatment of odours, it should not be the final word. Ambiguity remains with the 
assessment of odours for various industries and much of this relates to the fundamental 
lack of basic research in the area. Until the results of such research emerge, odour will 
still be a challenging topic to address. Over the course of this research proj ect the 
following sources have all requested that dose-response or dose-effect relationships 
from odour are established (CIWEM, 2011, National Research Council Committee on 
Odors, 1979, Nicell, 2003, Schiffinan, 1997, Van Harreveld, 2008). 
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CHAPTER 8 
8. THE ATMOSPHERE AND ATMOSPHERIC DISPERSION 
8.1 INTRODUCTION 
The state and condition of the atmosphere is an important consideration when 
investigating air pollution episodes, including odour events. It is the atmosphere into 
which air pollutants are emitted, diffused and transported and where chemical changes 
and the elimination of pollutants take place. It is important to know the constituents 
present in the receiving atmosphere in order to establish what chemical transformations 
could potentially occur between chemical species and the contributory effects of 
additional substances. Furthermore, understanding the basic processes that occur in the 
atmosphere is necessary in order to estimate the fate and transportation of pollutants. 
This chapter discusses the components of the atmosphere, atmospheric structure and the 
principles of atmospheric dispersion. Being able to appreciate the pathway aspect of the 
conceptual model is important in estimating exposure to all pollutants, including odours. 
8.2 ATMOSPHERIC COMPOSITION 
In order to establish if pollution has occurred and the level of pollution in the 
atmosphere we need to know the standard air composition as a comparison. The 
constituents of 'normal' i.e. unpolluted air are listed in Table 8.1. 
Table 8.1: The average chemical composition of the atmosphere up to an altitude of25 km 
Source adapted from: (Encyclopaedia of the Earth (EOE), 2007) 
Gas Name Chemical Percent Odorous properties formula volume 
I Nitrogen IN2 178.08% Odourless (RSC, 2011) 
I Oxygen 10 2 120.95% Odourless (RSC, 2011) 
I *Water 1 H20 10 to 4% Odourless unless contaminated (RSC, 2011) 
1 Argon IAr 10.93% Odourless (RSC, 2011) 
* Carbon F 1°.0360% Odourless (HPA, 2011a; RSC, 2011) dioxide 
1 Neon INe 
1 Helium IHe 
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I * Methane IC~ 10.00017% IOdourless (HPA, 2011b; RSC, 2011) 
I Hydrogen IH2 10.00005% 1 Odourless (RSC, 2011) 
I 'Nitrous oxide ~ 0.00003% Slightly sweet odour (CDC (Centres for Disease Control and prevention), 2011a) 
I-ozoue f 0.000004% Very pungent odour (CDC (Centres for Disease Control and prevention), 2011b) 
* variable gases (present in small and variable amounts) 
The atmosphere is composed mainly of nitrogen, oxygen and argon gas with the 
remaining gases being referred to as trace gases that include carbon dioxide, water as 
water vapour and methane. In general, we say that unpolluted air does not have an 
odour and it is the presence of contaminants (e.g. chlorine, and sulphur containing 
compounds), in the air that impart odour to the air we breathe. Odorants in the 
atmosphere originate from numerous sources including natural and man-made sources 
as discussed in Chapter 2, Odorants and Odour. 
8.3 ATMOSPHERIC LAYERS 
In order to understand the processes that take place in the atmosphere in terms of 
transport and dispersion, it is necessary to study the different atmospheric layers. 
The earth's atmosphere is classified into four maj or layers, the troposphere, the 
stratosphere, the mesosphere and the thermosphere. The top or boundary of each layer is 
designated by a 'pause' where the temperature profile characteristic to that layer 
changes. Figure 8.1 illustrates these atmospheric layers, their temperature profile and 
the altitudes where they are found. 
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km mi 
Temperature 'C 
Figure 8.1: The atmosphere: layers; temperature profiles and altitudes. Source: (The Ozone 
Hole, 2011) 
8.3.1 Troposphere 
The troposphere is the layer nearest to the ground and extends to approximately 9-16 
km. The majority of weather is fonned in this layer (clouds, rainfall, local winds) and it 
is in this layer where air pollutants emitted from sources close to the earth are 
transported, dispersed, changed and removed, the exception being the cOlnparatively 
inert and long-lived chlorofluorocarbons (CFCs) and other halogenated compounds that 
find their way into the stratosphere above. In the troposphere, mean temperatures 
decrease with altitude. This is the result of 'adiabatic' i.e. without the transfer of heat, 
cooling due to the decrease in pressure with height. The 'dry adiabatic lapse rate' 
(DALR) is the rate that the temperature decreases with height for a parcel of dry or 
unsaturated air rising under adiabatic conditions. For dry air, the rate of the ten1perature 
decrease is 9.8 °C per KIn. If the air is saturated, with water vapour, the rate at which 
the telnperature drops with height is called the 'saturated adiabatic lapse rate' (SALR). 
This lapse rate varies strongly with temperature; a typical value is around 5 °C/kIn. The 
air in the bottom part of the troposphere is generally welllnixed because of the surface 
heating effect of the sun and by a combination of convective and turbulent transfer of 
heat to the air above fron1 the ground. 
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8.3.2 Stratosphere 
The next atmospheric layer is known as the stratosphere; which extends from the 
troposphere to around 51lan; temperature increases with height in this layer because of 
ozone absorption and formation of short-wave radiation by ozone. There is very little 
mixing of air in the stratosphere due to the strong temperature inversion; hence 
pollutants found in this layer can be transported globally without much vertical mixing 
and are not removed due to the lack of clouds and precipitation. Direct emissions into 
the stratosphere occur from rockets, high-flying aircraft and volcanoes; however 
pollutants in the stratosphere generally have an insignificant effect though on the direct 
exposure of humans to these chemicals. Stratospheric pollutants can have a significant 
effect on climate and its changes. 
8.3.3 Mesosphere 
The mesosphere extends from 50-85km in altitude above the earth's surface, the 
temperature here decreasing with the increasing altitude. The uppermost part of the 
atmosphere is the thermosphere that is signified with increasing temperature due to the 
photo-disassociating of oxygen and photo-ionising of nitrogen and atomic oxygen that 
takes place here by solar ultra violet (UV) radiation. 
8.4 ATMOSPHERIC STATE VARIABLES AND DYNAMICS 
The basic state variables that are concerned with the thermodynamics of the atmosphere 
are pressure (P), temperature (T), density (P) and specific humidity or water mixing 
ratio (q). These variables are discussed below. 
8.4.1 Atmospheric pressure (P) 
Pressure in a fluid is defined as the force per unit area and is equally directed in all 
directions. Atmospheric static pressure can be regarded as the mass of the atmosphere 
per unit of horizontal area. Pressure is traditionally is measured in millibars (mb), one 
millibar being equal to 100 (Pa) m-2• 
8.4.2 Air temperature (T) 
This variable is often confused with heat. There is a distinction between the internal 
energy or heat content of a body and the sensible heat that can be transferred. For air 
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temperature, the definition used is founded in the kinetic theory of gases according to 
which temperature is directly proportional to the mean kinetic energy of the molecules. 
Air temperatures units are absolute temperature by degrees Kelvin, where -273.2°C is 
equal to absolute zero (OK) at which temperature molecular agitation ceases. 
8.4.3 Air density (P) 
The definition of density is the mass of a substance per unit volume. Air density, like 
the density of all gases, varies both with temperature and pressure. As moist air is a 
combination of both water vapour and dry air, the density will differ with water vapour 
mixing ratio or specific humidity. The units used for air density are kilograms per cubic 
metre (kg m-3). 
8.4.4 Atmospheric humidity (q) 
Numerous moisture variables can be used to convey how moist the air is, although a 
commonly used variable is specific humidity (q). This is equal to the ratio of the mass 
of water vapour to that of air. When an air parcel is saturated with water its specific 
humidity at saturation is denoted as q s (q s is dependent on the temperature and to a 
lesser extent the pressure). When qs = $; q, water vapour is believed to condense on 
cloud condensation nuclei in the form of either liquid water or ice depending on the 
temperature. 
8.S ATMOSPHERIC SYSTEMS AND ATMOSPHERIC DISPERSION 
Pollutants released into the atmosphere are dispersed according to four parameters, their 
physical· properties; their chemical properties; the dispersion conditions at source 
(source term) and conditions in the atmosphere. It is important to know, as far as is 
possible, about these factors; 
• during the regulation of emissions to the atmosphere, 
• when considering pollution control and 
• whilst investigating pollution incidents. 
These four factors are discussed in the following sections and have relevance to the 
design and set up of the wind tunnel experiments that form the research element of this 
Helen Smethurst 
University of Surrey 146 
Chapter 8 - The atmosphere and atmospheric dispersion 
thesis. Chapter 10, Empirical Work, discusses in detail the design of the wind tunnel 
experiments in relation to atmospheric parameters. 
8.5.1 Physical properties 
The physical properties of the emission are important in determining its dispersion. 
Dense gases (i.e. gases that are heavier than air, at normal temperature and pressure), 
tend to disperse in three stages. Firstly there is a dominant flow influenced by gravity, 
followed by a stable stratified flow and then passive dispersion flow (Institution of 
Chemical Engineers (Great Britain), 1998). For gases that have the same density as air, 
dispersion occurs according to the passive stage. For gases that are less dense than air, 
dispersion occurs when the cloud/plume rises and is then dispersed by passive flow after 
an appropriate period of time. The temperature of the emission will also affect its 
physical properties and its subsequent dispersion. Emission gases that are hot, relative 
to the ambient atmosphere, will generally be less dense than air and will therefore tend 
to rise from the source. The plume of pollutants from these 'buoyant' releases tends to 
rise above the source than at ground level as the plume initially rises. 
8.5.2 Chemical properties 
Gases released into the air have the potential to react with the receiving atmosphere, 
which is a consideration during pollution regulation and control. It is important, 
therefore, to ascertain what substance or substances are being released and what the 
composition of the receiving environment is. For example during the day, emissions can 
be affected by UV radiation which can cause photolysis of the molecules e.g., nitrogen 
dioxide24 can be converted into nitric oxide and ozone. The level of photolysis depends 
on the amount of solar radiation which is related to the time of the day, the season and 
the amount of cloud cover (Robins and Hill, 2005). 
8.5.3 Initial dispersion conditions (source term) 
The source term is characterised by the height of the release, whether it be from the 
ground or at height above the ground (e.g. from a chimney or stack), the temperature of 
24 Nitrogen dioxide has a strong pungent odour CDC (CENTRES FOR DISEASE CONTROL AND 
PREVENTION) (2011c) Nitrogen dioxide - pocket guide to chemical hazards. [Online] Available at: 
http://www.cdc.gov/nioshinpg/npgd0454.html [accessed 5th February 2011]. 
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the exit gases, the exit velocity, the mass or mass flow and the dimensions of the source 
(e.g. the diameter of the pipe, chimney or stack). 
The expression 'effective source or chimney height' refers to the height above ground at 
which the centre line of the plume is located. The height is made up of two aspects: the 
actual physical height of the chimney and the 'plume rise'. Plume rise, which can be 
quite large, is primarily due to the rate of the heat emission from the chimney (Figure 
8.2). 
physical 
chimney 
height 
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Figure 8.2: Schematic showing the main factors that influence pollutant dispersion downwind of 
a point source. Source: (Hogstrom, 1974) 
8.5.4 Atmospheric conditions 
Atmospheric conditions are an essential parameter in the dispersion of emlSSlOns 
released into the atmosphere, including the dispersion of odorants. Conventionally, 
atmospheric phenomena and processes can be divided into three different scale 
dimensions: 
• macro scale or synoptic scale, for motions in excess of lOOOkIn in size, with time 
scales lasting of the order of a few days 
• mesoscale, for motions between 5 to 1000kIn in size 
• microscale, which regards atInospheric n1otions and processes up to scales of 
5km, lasting for an hour or less. 
Helen Smethurst 
Uni versity of Surrey 148 
Chapter 8 - The atmosphere and atmospheric dispersion 
Mesoscale and microscale meteorology (MMM) are often put together and include the 
study of all meteorological phenomena smaller than the macro or synoptic scale. The 
range over which most emissions have their greatest impact on local air quality is up to 
approximately lOkm and this is often referred to as the 'short-range' and will be 
considered in greater detail in section 8.5.4.2 and 8.5.4.3. The features of both 
mesoscale and micro scale systems are generally too small to be represented on weather 
maps. Motions influence the transport and dispersion of atmospheric pollutants and 
processes, over the entire range of scales and therefore each will be considered here. 
8.5.4.1 Macroscale systems 
Macroscale systems such as the general circulation, weather systems, semi-permanent 
highs and lows, and jet streams are acknowledged to affect the long-range transport of 
natural and anthropogenic pollutants emitted into the atmosphere. Pollutants from 
. individual sources however tend to be diffused and distributed by mesoscale and 
microscale systems and also undergo removal and transformation before macroscale 
dispersion occurs. Hence, individual plumes loose their identity and amalgamate into 
larger air masses. Pollutants are also washed out and deposited from the atmosphere, 
leaving only the stable pollutant species to be dispersed over the hemispheres, or 
potentially the entire globe (e.g. CO2 ). 
8.5.4.2 Mesoscale systems 
Mesoscale systems are weather and atmospheric systems with a horizontal scale ranging 
approximately from 2km to 2000km. They are often associated with permanent 
geographical features and do not then move in space; otherwise they are the product of 
the influences on the airflow by characteristics such as land and sea, rural areas and 
urban areas, valley and mountains. In broad terms, the circulation of mesoscale systems 
can be divided into two types: thermally induced circulation and mechanically induced 
circulation. 
In thermally induced circulation, pressure gradients in the atmosphere are linked to 
changes in density andlor temperature. This means that surface inhomogeneity can 
cause horizontal temperature changes, which can affect atmospheric circulation. 
According to the equation of state, cold air is denser than warm air at the same pressure 
and therefore warm air will tend to rise (leading to low pressure) and cooler air will tend 
to sink (leading to high pressure). As cool air is denser than warm air, air near the 
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surface will tend to flow from areas of cool air to warmer areas where the pressure is 
less. 
Sea-Land Breezes 
The differences in the thermal properties of the sea and the land produce SOlne 
interesting climatic effects. The surface temperature of the sea does not fluctuate a great 
deal diurnally (approxilnately 2°C) due to the large thermal capacity of the sea and 
ocean circulation. In contrast the temperature of the land surface varies significantly 
between night and day (a diurnal range of between 10 and 20°C commonly occurs). On 
a warm sunny day the land heats up much faster than the sea, causing warm air to rise 
over the land. This leads to the development of a shallow thermal low over the land. 
Simultaneously a shallow high is developing over the sea causing cool air to sink over 
the water body. This causes a sea breeze to blow over the land. The warm air that rises 
over the land subsequently moves out to sea to the area of low pressure where cool air 
has been sinking. This effect is strongest when the land-sea surface temperature gradient 
is at its maximum because of limited vertical depth of mixing, (e.g. on a hot SUilllner 
afternoon) and it may extend for up to several tens of kilOlnetres inland. 
Figure 8.3: Sea breezes and land breezes. Source: (Encyclopaedia Britannica, 2004) 
The interface between the sea breeze and the air ahead of it is known as the leading or 
forward edge or front. This sea-land breeze effect causes the recirculation of air from 
the land and may lead to very high concentrations of pollutants. As the sea breeze front 
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passes a certain location inland, a sudden drop in temperature and an increase in relative 
humidity are observed. Sometimes fog or low clouds may form over the region of 
strongest upwards motion. If the rising air is sufficiently moist and unstable it may 
result in rainfall, a good example would be the sea breeze in Florida that converges from 
the Atlantic and the Gulf of Mexico causing heavy rain and storms. During night 
periods the reverse situation can occur, as the land will cool much faster than the sea. 
This is known as the land-sea breeze effect but is generally not as strong as the sea-land 
breeze due to the smaller temperature differences involved. 
This can effect pollutant dispersion, as pollution moving off the land over the sea is 
often scavenged by clouds, that have a 'cleaning effect' on the air. A similar effect is 
detected over lakes, though due to their smaller size the result is smaller. The most 
favourable condition for the land-sea breeze effect to occur is when the atmosphere is 
unstable (increasing the ability of air parcels to move up and down) whereas stable 
conditions tend to suppress the effect. Topography is also known to affect the flow as 
hills with slopes facing the equator will be more likely to heat up rapidly, therefore 
emphasising the flow, while gaps in the topography will cause a funnelling effect 
allowing the sea breeze front to penetrate further inland and vice versa. 
Monsoons 
Monsoons form by the same process as the sea-land breeze effect though over a larger 
scale in time (seasonally) and space (sub continents). During the summer, continents 
warm faster than the sea causing highs to form over the sea and low pressure to form 
over the land. The heated air over the area of low pressure rises allowing it to be 
replaced by moist air coming from the high pressure over the sea, which often causes 
heavy rain, and occurs in many parts of Asia. During the winter the opposite effect 
occurs, allowing dry conditions to prevail. 
Urban Heat Islands 
Direct thermal circulations are also associated with urban heat islands where there is a 
temperature gradient between the city centre and the neighbouring countryside. The 
reason for the temperature difference is due to buildings and roads generally absorbing 
and storing much more solar radiation than natural vegetation (i.e. they have a lower 
albedo value), plus heat generated from cars, engines and central heating. The 
difference between the urban (u) and rural (r) air temperature (~Tu-r) is called the urban 
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heat island intensity. The urban heat island effect is normally at its maximum during the 
night, a few hours after sunset, especially in the winter. The temperature difference 
between the city and the countryside can be as much as 10°C. The extra heating in urban 
areas means that air tends to rise (causing low pressure), whereas in rural areas air tends 
to sink (causing high pressure). This can trigger circulation of air between rural and 
urban areas, which may cause the 'recycling' of pollutants. 
Mountain and Valley Winds 
Due to heating and cooling of mountain slopes that takes place on a diurnal basis, 
thermal circulations often develop along mountain and valley slopes. During the day the 
slopes of mountains warm quicker than the valley floor. This results in warming of the 
air above the slope up to several 100m. This causes air to rise up the slope during the 
day and creates what is known as a valley wind. At night, slopes cool quicker than the 
valley floor leading to cooler denser air flowing down the slope, creating a 
slope/mountain wind. This downward flow is generally much stronger than the upward 
motion; however it is less deep (approximately 50m). This can have important 
implications for the dispersion of pollutants emitted in the bottom of a valley during the 
night, as the pollutants will effectively be confined, leading to high concentrations. 
Katabatic Winds 
The term katabatic wind is used to describe organised downslope winds that are much 
stronger than a few metres a second. The ideal location for such winds to form is on an 
elevated plateau where the air is chilled as it passes above any snow present. As the 
wind is chilled it becomes dense and, when it passes down the slope, will be forced by 
gravity and flow like water down slopes. This phenomenon is found in many parts of 
the world that are both mountainous and very cold. At these locations winds of up to 
100 knots have been recorded. 
When studying atmospheric motions it is obviously important not just to consider the 
effects of thermal differences caused by surface inhomogeneities but also the direct 
effects that surfaces can have upon the atmosphere. Despite the fact that this is an 
important part of understanding atmospheric systems, limited work has been carried out 
on mechanically forced circulation due to the shear logistics and expense of 
experimenting on large-scale structures such as mountains. Much of the previous work 
that has been done has been in fluid modelling facilities such as wind tunnels and 
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towing tanks etc. Mechanically forced circulation in the mesoscale is demonstrated by 
the following. 
Upslope and down slope winds 
Flow patterns over and around hills depend on the stability of the airflow approaching 
the hill. If air flowing towards a hill, (approach flow), is neutral or unstable it will tend 
to go over the hill as opposed to a stable airflow that will tend to go around the hill. As 
such a flow passes over a hill it speeds up on its assent over the crest. To quantify this 
effect a 'speed up factor' is often used. This is simply the ratio of the wind speed at 
some height above the hill relative to the wind speed at the same height above the flat 
surface approaching the hilL The speed up factor decreases with increasing height, its 
maximum value ranges from 1 to 3 depending on the hill shape, slope and aspect ratio. 
The largest speed up factor occurs when approaching 3-D hills of moderate slope. When 
approaching an isolated slope or a 2-D hill the wind will initially slow as it moves over 
the hill and then increase as it moves over the hill slope. As air moves up the slope of a 
mountain it cools. This may often cause condensation of moisture into clouds, which 
may eventually form precipitation. Upslope and down slope flows are quite different 
when the ambient atmosphere is stably stratified; the effects of topography on the flow 
are considerably modified in the presence of stable stratification. An important aspect of 
any stably stratified flow is its tendency to go around as opposed to over a hilL As the 
atmosphere becomes increasingly stratified the fluid particles lack the kinetic energy 
necessary to lift them over the mountain. In order to better understand the flow around 
mountains, atmospheric scientists have derived the concept of a dividing streamline that 
separates the flow passing around the sides of a hill from that going over it. If a strongly 
stratified flow approaches a very long two dimensional mountain ridge it may even 
stagnate because the fluid does not have sufficient kinetic energy to go over the ridge 
(especially near the centre), which is very important for pollution dispersion as any 
emissions here, in stable conditions, may end up causing very high concentrations. 
Lee waves 
A commonly observed flow phenomenon in stably stratified flows over hills and other 
obstacles is lee wave, which are produced by the disturbance of a stratified flow by an 
obstacle when an air parcel is forced to rise and a restoring force due to gravity tends to 
bring it back to its starting point. Due to the downwards momentum or the inertia force, 
the parcel tends to overshoot the equilibrium level and is then forced to rise again 
Helen Smethurst 
University of Surrey 153 
Chapter 8 - The atmosphere and atmospheric dispersion 
because of buoyancy until it reaches its original level. This means that an airflow that is 
weakly stratified and has a high wind speed will tend to have longer lee wave lengths 
than an airflow, which is strongly stratified with a low wind speed. 
Airflow 
Turbulent flow 
01-0 ( 
Mountain range 
Figure 8.4: The fonnation oflee wave air flow and associated clouds. Source: (Huffington Post, 
2010) 
Depending on the approach flow speed at the height of the mountain, as well as the 
wind distribution as a function of height, the nature of the air flow over and above 
mountains have been classified into four different categories. 
a) Laminar streaIning 
b) Standing eddy streaIning 
c) Wave streaming 
d) Rotor streaming 
In light winds the flow is characterised by a smooth shallow layer flowing over the 
ridge. With slightly stronger winds a semi permanent larger amplitude solitary wave 
with a 'standing eddy' of re-circulating air underneath the lee side of the eddy is 
formed. This is known as standing eddy streaming. With somewhat stronger winds, a 
lee wave system develops downwind and some rotors may form under the crest of large 
amplitude lee waves. Rotors, however, usually only occur with very strong winds 
extending to the height of the mountain peak and then a rapidly decreasing wind speed 
with height. Again experilnental data has shown that any elnission of pollutants on the 
lee side of a mountain will often result in the recirculation of these pollutants. The 
region of flow ilnmediately downwind of an obstacle is known as the wake area, while 
the area of re-circulating flow often termed the cavity, the steeper the hill, the greater 
the area of flow separation. The largest cavities extend for an area of approxin1ately 10 
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times the height of the hill (H) downwind; however, this is generally only observed for 
2D hills and usually the cavity is only approximately 2H. 
8.5.4.3 Microscale systems 
Microscale meteorology systems are short-lived atmospheric phenomena, smaller than 
mesoscale, approximately 1 km or less in scale. Microscale meteorology influences the 
most significant amount of dilution and mixing in the atmosphere and includes the 
processes of heat and gas transfer resulting from near-ground turbulence. 
Planetary boundary layer 
The lowest part of the atmosphere is termed the planetary boundary layer (PBL), which 
is also referred to as the atmospheric boundary layer (ABL). Behaviour of air in this 
layer is influenced directly by its contact with the surface of the planet, with response to 
changes in surface forcing in time frames of approximately an hour or less. In the PBL 
physical factors such as flow velocity, moisture and temperature exhibit rapid 
fluctuations (turbulence) and vertical mixing is powerful. Above the PBL is the 'free 
atmosphere' where the wind is roughly geostrophic (parallel to the isobars) whilst inside 
the PBL the wind is influenced by drag from the surface and the wind cuts across the 
isobars. As the vast majority of pollutants are emitted into the planetary boundary layer 
(PBL), short-range winds are extremely important with respect to air dispersion. Large 
scale horizontal pressure and temperature differences near the earth's surface cause 
geostrophic wind (parallel to the isobars) or gradient winds; however, it is only over 
distances less than 1 D km that these winds uniform or horizontal. Over a short period of 
about an hour the PBL is assumed quasi stationary. During the day the PBL grows to a 
height of up to about 2km due to the heating of the surface by solar radiation and at 
night time it may shrink to less than 1 DDm. Convective mixing as the earth's surface 
heats means that the wind becomes almost constant with height; therefore wind shear 
can generally be regarded as less significant than the effects of convective mixing. At 
night, however, the earth's surface cools and the associated surface inversion means that 
the PBL is quite shallow. This means that wind speed will vary with height through the 
PBL. On a short-term basis both wind speed and direction in the PBL have been 
observed to fluctuate randomly in time and space. As previously mentioned, PBL 
turbulence is produced as a result of two factors, firstly wind shear or mechanically 
generated turbulence and by buoyant convection. The former is most likely to be 
important when strong winds blow over very irregular surfaces and in near neutral 
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stability, whereas the latter is more likely to be important when light or calm winds 
blow over heated or cooled surfaces (e.g. in convective conditions). 
The average wind shear and shear-generated turbulence are strongest in close proxilnity 
to the ground and decrease with height. Conversely, convective turbulence is distributed 
more evenly, although it is at its maximum in the middle of the convective layer. Since 
pollutants are effectively mixed throughout the entire PBL, the height of the PBL is 
equivalent to the mixing height or mixing depth. 
Internal Boundary Layers 
As the PBL is affected by the underlying surface, any changes in the surface will affect 
the PBL. The affected layer develops with distance downwind from the line of 
discontinuity and is known as an Internal Boundary Layer (IBL). Various experimental 
studies have shown that the height of the IBL is related to a change in the surface 
roughness or temperature of the surface underneath. The growth relationship can be 
represented by the following equation: 
(8.1) 
where hi is the height of the IBL and P is approxilnately 0.8 for a roughness change and 
0.5 for a ten1perature change. IBLs also occur downwind of obstacles and topographical 
features in the region of the separated flow. 
Basic atmospheric dispersion 
When concentration measurements are taken for short-range pollutant dispersion, the 
results show that concentration levels fluctuate greatly in both spatial and temporal 
terms. Influencing the fluctuations are parameters including elnission conditions, 
meteorology, local winds and turbulence. 
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Figure 8.5: The distribution of the mean concentration downwind from a) a source at ground 
level and b) an elevated source. Source: (Robins and Hill, 2005) 
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Results can only really be described by the use of statistics (mean, standard deviation), 
generally as a tiine average. The disparity between the mean concentrations from a 
continuous ground level source and a continuous elevated source is shown in Figure 8.5. 
For a ground level source (Figure 8.5a) the highest concentration of pollutant is found at 
the source itself, with values on the centre line of the plume decaying as lIXn, with 'n' 
being generally in the range of 1.5 to 2, representing the vertical and lateral spread of 
the plume. Figure 8.5b demonstrates that ground level concentrations from an elevated 
source are zero at the source location, increasing to a maximum, Cmax, downwind as the 
pluine spreads downwards with levels decaying in a corresponding way to the ground 
level source thereafter. The higher the source height the lower the Cmax reaching the 
ground, approximately ~ lIh2, where h is the source height. Knowledge of these 
dispersion factors has relevance with respect to air quality criteria for controlling 
odorous emissions from regulated sources (Chapter 7) and is relevant for the wind 
tunnel experimental interpretation in Chapter 10, Empirical work. 
The situation IS different for short-lived ground level emISSIons, as might be 
encountered during a chemical accident or an incident when the deliberate release of 
chemical or biological agents occurs. The emission plume spreads downwind as well as 
in lateral and vertical directions, with the Cmax decaying at a greater rate than from a 
continuous emission plume. The plume from the short duration emission 'leans 
forward ' due to the wind speed increasing with height (Figure 8.6). 
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Figure 8.6: The mean concentration distribution downwind from a ground level source which is 
short-lived. Source: (Robins and Hill, 2005) 
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The dispersion (i.e. the plume spread and dilution) in the situations above are the result 
of turbulence, the stronger the turbulence the greater the plume spread. Buildings affect 
turbulence and local terrain, which can produce, complicated local winds. 
Obstacle Flow 
The mesoscale effects that occur around topographical features also occur to SOlTIe 
degree around buildings and other artificial features, but at the microscale. Flow around 
(non-streamlined) obstacles is characterised by separated flow regimes, the extent of 
which depends on the size, shape and height of the obstacle. When wind strikes the face 
of a building, the air flow divides and is deflected into a number of 'streams', the 
direction and number being dependent on the wind angle in relation to the building 
edges and the surface curvature of the building. In the illustration below (Figure 8.7) 
when air flows onto a simple rectangular building, one flow path ascends and goes over 
the building and two go around it. 
Flow Pattern: Side View Wind Against Face 
Flow Pattern: Top View 
Wind Against Face 
Flow Pattern: Top View 
Wind Against Edge 
.. 
.. 
: 
Figure 8.7: Flow patterns against single obstacleslbuildings. Source: (Heidorn, 2005) 
A fourth air path is deflected downward along the upwind face, eventually making 
contact with the ground and then travelling back upstream to create a reverse eddy to 
the original direction of flow. Near tall, exposed buildings, especially in windy weather, 
the downward stremTI can be strong enough to cause effects to pedestrians in areas 
around the upwind base and sides of the building. Recirculation regions and vortices 
(tight rotating air masses) are a COlTIlTIOn feature of the flow around buildings. 
In urban areas the situation is even more cOlTIplex, as there may be many different 
building shapes that are positioned at varying distances frOlTI each other, and laid out in 
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complex arrangements. Figure 8.8 illustrates some characteristic flow features around 
buildings in an urban environlnent. 
(a) Isolared roughness flow 
.. 
(b) Wake interference flow (e) Skimming flow 
• 
• 
Figure 8.8: The flow regimes over buildings with increasing HlW (height/width), a) isolated 
roughness, b) wake interference and c) skimming flow regime. Source: adapted from (Oke, 
1988) 
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Figure 8.9: Air flow around multiple buildings showing the vortices created by the obstacles 
Source: adapted from (Met Office, 2007) 
When the wind direction is Inore or less parallel to the streets then a funnelling effect 
can occur. This situation is ideal for flushing out pollutants fronl the street canyon 
(Figure 8.9). In areas where the flow chamlel becomes narrower, the flow speeds up as 
the air is forced through the gaps leading to a venturi effect. This is also an excellent 
way to disperse pollutants. The severity of the venturi effect is a function of the length, 
width and height of street canyons. 
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The majority of pollutants are emitted in the PBL and therefore short-range transport 
and dispersion is influenced by the mean wind direction and turbulence within the PBL. 
The mean wind determines the speed and direction of the transport of pollution, while 
the turbulence controls the rates of horizontal and vertical spread. The spread of 
pollutants can therefore be modelled by utilising data about the wind speed and 
turbulence. Simple dispersion models use information only concerning the wind speed 
and wind direction, and possibly an approximation of the mixing height and the stability 
of the atmosphere. Complex dispersion models utilise mean wind, turbulence and the 
mixing height, using semi-empirical and theoretical relations for the PBL structure. 
Only more complex dispersion models can be used to take account of small-scale 
inhomogeneities and only numerical or wind tunnel dispersion models are able to take 
factors such as small scale variations caused by building or hills into consideration. 
8.6 METEOROLOGY AND THE ATMOSPHERE 
Meteorological conditions for example wind direction and wind speed, the degree of 
turbulence in the atmosphere, as characterized by what is termed the 'stability class', the 
temperature of the ambient air and the height to the base of any inversion aloft that may 
exist, also influences the transport and dispersion of pollutants. These processes will be 
discussed in the following sections. 
8.6.1 Wind speed and direction 
Wind speed in general increases with height above the ground; therefore it is important 
to know the height where wind speed is measured. Usually a height of 10 metres (UlO) 
above the ground is used as a reference, however, if this is not the case, the height 
where the measurement is taken must be specified e.g. if the wind speed is measured at 
5 metres then U 5 would be used. The direction of the wind is described in terms of 
where it comes from; e.g. an easterly wind blows from the east (90°) and blows to the 
west (270°). When investigating acute events, information regarding the wind speed and 
the wind direction is essential in establishing where the chemical plume will travel and 
how long it will take to get there. For chronic releases, a summary of the meteorology 
of the site can be investigated in order to chart the area suspected as being affected and 
indicate relative levels of exposure. 
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Wind speed and direction pairs can be graphically presented by a 'wind rose', 
demonstrating the frequency of winds blowing from particular directions. The 'spoke' 
length radiating out from the circle is related to the frequency that the wind blows from 
that compass direction per unit time. Often the wind speeds are depicted on the wind 
rose by colour coding (e.g. Figure 8.10). 
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Figure 8.10: Example of a wind rose depicting wind speed and direction. Source: (Osterley 
Weather/Wyke Green Weather Station, 2008) 
Meteorological data for the construction of wind roses can be obtained from the nearest 
weather station; however, it is worth ensuring that the metrological conditions for both 
the weather station and the site are similar enough to draw comparisons. Some 
industrial sites that are prone or susceptible to pollution episodes (including odour) 
often possess their own small scale meteorological weather stations. If reliable 
Ineteorological data is lacking, it Inaybe possible to approximate wind speeds by 
observing its effects on the enviro1l111ent including sea and land conditions. The 
Beaufort Scale of thirteen classes (zero to twelve) was originally used by mariners as a 
rough guide to what conditions Inay be expected on the open seas. The scale for use on 
land is a practical and reasonably accurate tool for estilnating wind strength. 
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Beaufort ScaLe 
1 1-3 light Air 
2 4-7 Light Breeze 
3 8-12 
4 13-18 Moderate Dust. leaves and loo, e paper rai,ed up; Breeze smaU branche> move. 
S 19-24 Fresh Breeze 
6 25-31 
7 32-38 
8 39-46 Fresh Gale 
9 47-54 Strong Gate 
10 55-63 WhoLe GaLe 
11 64-72 Storm 
12 73 or higher Hurricane Force 
Figure 8.11: The Beaufort Scale. Source: (Mount Washington Observatory, 2008) 
8.6.2 Atmospheric stability 
Wind speed and direction influence the pathway and propagation of emissions into the 
atmosphere, whilst the amount of atmospheric turbulence or lnixing will dictate how 
much the pollutant combines with air, so influencing the height and width of the plume, 
known as ' plulne spread'. The amount of turbulence is dependent on the roughness of 
the ground surface and atmospheric stability. The character of the turbulence is in a 
particular location largely determined by the atlnospheric stability, classified as stable, 
unstable and neutral. 
8.6.3 Stable conditions 
Stable conditions cOlnmonly occur when wind speeds are light and there is lilnited 
cloud cover, such as at night, in the early n10rning or late in the evening. The ground 
cools by radiation and this then cools the air above it, fonning a stable stratification 
(vertical density variation). Vertical mixing of air in stable conditions is weak due to the 
air close to the ground being denser than the air above it, hindering vertical transport. 
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The stable stratification that results gives rise to a shallow boundary layer (50-200 m 
deep) with relatively low levels of turbulence. Any release frOln a stack, in stable 
conditions, with little turbulence, results in slow dispersion of the plume (as in Figure 
8.12); vertical rise may also be limited by plume trapping at inversion. High 
concentrations occur within the plume with little if no concentrations occurring at 
ground level, at least close to the source. 
Figure 8.l2: The behaviour of a chimney plume under stable atmospheric conditions (at night), 
characterised by little turbulence. Source: (Mikkelsen, Ris0 National Laboratory) 
For the release of a plume at surface level, mean ground level concentrations can be in 
the order of 20 to 50 times greater than those of windy, turbulent conditions. 
Conversely, the reduced spreading rates suggest that elevated plumes in stable 
conditions must travel a good deal further before diffusing to the ground (Robins and 
Hill, 2005). 
8.6.4 Unstable conditions 
Unstable or 'convective' conditions occur on sunny days (strong solar heating) when 
there is moderate to low cloud cover and light to moderate wind speeds. A deep 
boundary layer (e.g. 1000 - 2000m) is created with high levels of turbulence resulting 
from thennal activity (the rise of wann air from the ground), creating rapid vertical 
mixing in plumes. When the warm air fron1 the ground rises it is replaced by cooler air 
which falls, potentially resulting in the intennittent grounding of elevated plulnes and 
increasing short-tenn, high concentrations of ground level concentrations of pollutants 
(as in Figure 8.13). 
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Figure 8.13: A chimney plume, under unstable (day time) atmospheric conditions, characterised 
by a high amount of convective turbulence. Source: (Mikkelsen, RiS0 National Laboratory) 
F or the release of a surface level plume, mean ground level concentrations can be in the 
order of 40 to 100 times less than those of windy, turbulent conditions. Conversely, the 
quick vertical spreading rates imply that elevated plumes are rapidly dispersed to the 
ground resulting in high concentrations (Robins and Hill, 2005). 
8.6.5 Neutral conditions 
Neutral or near neutral conditions occur with windy and cloudy conditions when the 
difference in temperature between the ground and the air is not ilnportant. Boundary 
layer depths and turbulence levels are intermediate between the stable and unstable 
conditions (Figure 8.14). 
Figure 8.14: Plume dispersion under neutral atmospheric conditions. Source: (Photo courtesy of 
Robins, A.R. , University of Surrey, 2009) 
Turbulence is created by the airflow over surface features (e.g. buildings and trees) and 
then mixed throughout the boundary layer. A buoyant release from a chimney in neutral 
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conditions disperses more rapidly than one released into stable conditions and plume 
rise is uninhibited by stability. Neutral conditions typically occur in the changeover 
from day to night and is characterised by strong winds, cloud cover and extensive 
amounts of mechanical turbulence. 
8.6.6 Inversion layers 
Temperature inversions occur where the temperature decrease with increasing height is 
less than in normal circumstances, as described in Section 8.3.1. In extrelne cases, the 
air temperature may actually increase with height. An inversion layer functions like a 
cap, keeping normal convective atmospheric overturning from penetrating through it. 
This can result in a number of weather related effects including the confinement of 
pollutants below the inversion, allowing them to accumulate resulting in high ground 
level concentrations. 
Warm air 
version aver 
Cold ai 
Urban opography 
Figure 8.l5: Winter inversion layer trapping smoke from home fires. Source: (Oregon Live, 
2008) 
8.6.7 Occurrence of conditions 
The frequency of occurrence of the different types of stability varies frOln place to place 
and from year to year. When studying chronic air pollution, it is therefore important to 
investigate Inore than one year of meteorological data for the location in question. In the 
UK, meteorological conditions are cOlnmonly either overcast or windy or both, 
therefore the atmospheric stability is Inore than likely to be neutral or near neutral rather 
than stable or unstable (ColIs, 2002). Variations occur across the country of course and 
the effects of stable and unstable conditions (even if rare) caIUlot be ignored. 
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8.6.8 Stability categorisation 
Stability categorisation has developed over the years into more defined increments or 
'stability classes' from the stable, unstable and neutral conditions described above. 
Traditionally the most generally utilised system to categorise the atmospheric state was 
a system developed in 1961 by Pasquill (Pasquill, 1961). Pasquill originally introduced 
six classes of stability A, B, C, D, E, and F, based on wind speed, cloud cover, solar 
radiation and time of day. Class A represents the most unstable or most turbulent 
conditions and Class F represents the most stable or least turbulent class. A seventh 
class, Class G, describing a very stable atmospheric state, was added to the system by 
Frank Gifford, leading to the Pasquill-Gifford system. 
Table 8.2: The Pasquill stability classes. Source: (Pasquill, 1961) 
Pesquill Description Surface wind speed end cfoud cover 
Stability 
Class Wind measured (meters/second) at 10 
meter heiQht 
A very unstable da\'tlme; strong insolation and wind < 3 
m/s or mode:-ete Insolution and wind < 2 
mrs 
B Unstable da\'time; strong insolation with wind 
between ebout 3 end 5 m/s or moderate 
insolution with wind between 2 and 4 m/s 
or ~[lcht Insolutlon and wind < 2 m/s 
C slightly unstable da\'tlme; strong insolation and wind> 5 
m/s or moderate Insolution with wind 
between 4 and about 5.S m/s or slight 
insolution and wind between 2 and 5 m/s 
D Neutral All overcast sky conditions, day or night; 
daytime and moderate insolation and 
wind> 5.5 m/s; daytime and slight 
insolation and wind > 5 m/s; nighttime and 
wind> 5 m/s; nighttime and more than 
50% cloud cover or with thin overcast and 
wind> 3 m/s 
E sl ightly stable nighttime; thin overcast or > 50% cloud 
cover and wind < 3 m/s; < 50% cloud cover 
and wind between 3 and 5 m!s 
F Stable nighttime; < 50q'b cloud cover and wind < 3 
mts 
In this system, the stability classes are defined according to the wind speed and 
insolation (daytime) or cloud cover (night time). Strong insolation corresponds to sunny 
conditions in midsummer in England at noon, and slight insolation to similar midwinter 
conditions. Night time is regarded as being from one hour prior to sunset to one hour 
after dawn. Thinly overcast refers to thin high-level cloud through which the moon can 
be seen. When conditions are overcast and are one hour either side of night as defined 
above, category D should be chosen. Table 8.2 provides the meteorological conditions 
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that characterise each class. Plume spread in the Pasquill-Gifford scheme is related to 
the distance (x) travelled and the stability class. This scheme is still employed, although 
it is currently being replaced by more refined methods, which feature improvements due 
to our growing understanding of the planetary boundary layer (PBL). 
The refined methods recognise the vertical structure of the PBL and express stability as 
a continuous variable and plume spread as a function of plume height. Stability is 
described by the ratio of the Monin-Obukhov (MO) length scale LMo, and the depth of 
the boundary layer, HBL. The MO length scale identifies the height above the ground at 
which the effects of buoyancy forces in a flow become comparable with those of 
surface friction in controlling the level of turbulence. Turbulence produced by air being 
propelled over surface roughness features dominates at lower heights whereas buoyancy 
forces dominate at greater heights. 
The ratio, LMOIHBL is written as: 
*3 LMo /HBL = -u / g(q/8)HBL (8.2) 
Where q is the kinematic heat flux, u * the friction velocity, 8 and temperature and LMo 
is defined as positive in stable conditions; q is related to the heat flux per unit area; Qo, 
as q = Qo/( pCp). The formula in (8.2) recognises the two atmospheric processes that 
drive atmospheric turbulence and dispersion. Mechanical turbulence produced by wind 
being propelled over surface roughness elements at lower heights, and convective 
turbulence is generated by heat flux from the ground. The MO length has units of 
metres and denotes the scale of the turbulence. As the heat flux may be upwards 
(positive) or downwards (negative), LMo maybe positive or negative. In stable 
conditions, LMO is positive and indicates the height above which stable stratification 
inhibits vertical turbulence. In unstable or convective conditions, LMo is negative and 
the degree indicates the height above which mechanical turbulence is outweighed by 
convective turbulence. 
8.7 METEOROLOGY AND PLUME SHAPES 
The state of the atmosphere influences the rate at which plumes are dispersed. Smok~ 
plumes emitted from industrial sources such as chimneys can be observed, 
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photographed and described whilst subject to different meteorological conditions. Often 
vertical cross-sections of pollutant plumes can be readily observed but the 
characteristics of horizontal spreading and plume meandering from such sources are 
n1uch more difficult to observe casually, as this requires the observer to be located 
above the discharge point or under the plume. Plume behaviour is very closely related to 
meteorological conditions and the resulting plume shape is frequently used to provide 
an indication of the vertical temperature profile. Plumes have been characterised by 
different types, which are associated with different meteorological conditions, some of 
which are illustrated below in Figure 8.16. 
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Figure 8.l6: Plume fonns include a) fanning, b) fumigating, c) looping, d) coning and e) lofting. 
Source: (Whiteman, 2001) 
Fanning 
This type of plume has a large horizontal spread and a sn1all vertical spread. While 
stability may not allow the plume to spread in the vertical direction, there is ample 
spread or meander in the lateral direction. These conditions frequently occur at night 
and are favourable for pollutant dispersion if the source is elevated e.g. frOlTI a chilnney 
or stack. Fanning can lead to high pollution levels if the elevated source is close to tall 
buildings or n10untainous terrain. 
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Fumigation 
This type of dispersion occurs when material in the plume is rapidly brought to the 
ground as a result of downward mixing below an inversion. This situation develops 
overnight when conditions move from stable to unstable and can occur shortly after the 
sun rises, when surface heating is gradually replaced by a deep unstable mixing zone. 
As the plume becomes entrained in the mixing zone it tends to mix downwards as it can 
not move upwards due to the inversion which acts as a lid for pollution. This can result 
in very high ground level concentrations (GLC) of pollutants close to the source. This 
effect only occurs for a few hours though and subsides once the mixing height 
increases. 
Looping 
Looping plumes occur in extremely unstable and convective conditions. It is most often 
occurs during the summertime in the afternoon when conditions are most likely to be 
unstable. Large convection eddies lift the plume material but descending motions 
between thermals may cause elevated pollutant levels at relatively short distances 
downwind of a source. Such high levels are very intermittent as; overall, the conditions 
favour rapid dilution. 
Coning 
Under certain conditions the plume resembles a cone with more or less equal spread in 
both the vertical and lateral direction. This generally occurs under cloudy and windy 
conditions with near neutral stability and a near adiabatic temperature profile. 
Lofting 
This happens when the plume has risen or been released above an inversion. This can 
occur shortly after the changeover from stable to unstable conditions near sunset. 
Lofting tends to prevent pollutants from mixing downwards and the plume frequently 
appears as a line over the top of an inversion. This may be very transitory or it may 
persist for a number of hours and in flat terrain pollution levels close to the source will 
tend to zero. Normal wind speed and direction will disperse the plume into the 
atmosphere without effect from ground cooling or warming. There can however be 
problems when the topography is such that some areas are above the elevated emission 
(mountains) and when an elevated onshore pollution plume intersects a thermal 
boundary layer contained within offshore air flowing onshore. 
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Trapping 
Trapping (not shown in the figure) occurs in shallow PBLs when plumes are released in 
to unstable atmospheric conditions, which disperse their material uniformly throughout 
the PBL. Trapping can lead to elevated concentrations of pollutants at ground level 
when the inversion layer is near to the ground and there are weak winds. This effect can 
be especially severe if the pollutants are released in a valley bottom where they can be 
trapped between the valley sides and the capping inversion. 
8.8 SUMMARY 
The transport and dispersion of pollutants in the atmosphere is influenced by many 
factors, including atmospheric structure and processes, together with global and 
regional weather patterns. In addition, local topographic factors have a bearing on the 
fate of atmospheric pollutants. Understanding these processes is important in order to 
assess the resulting pollutant behaviour and the downwind transport and dilution of 
gases, including odorous emissions, aerosols and vapours. The appreciation of the 
pathway aspect of the conceptual model is important in estimating human exposure to 
all pollutants, including odours. Predicting the fate of atmospheric pollutants including 
the fate of odour is considered the next chapter, Chapter 9, Atmospheric Dispersion 
Modelling and Odour Modelling. 
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CHAPTER 9 
9. DISPERSION MODELLING AND ODOUR MODELLING 
9.1 INTRODUCTION 
The dispersion of pollutants, including odour, in the atmosphere is a complicated 
process and it is often necessary to 'model' the mechanisms in order to make 
predictions regarding the fate of air borne pollutants. This chapter focuses on 
atmospheric or air dispersion modelling, whereas the following chapter, Chapter 10 
Empirical work, considers physical modelling of pollutants using simulated flow in a 
wind tunnel. 
Atmospheric modelling mathematically simulates how pollutants are transported, 
transformed and dispersed in the atmosphere, and can be used to predict concentrations 
away from a pollutant source. Atmospheric dispersion modelling is therefore a useful 
tool in estimating where air emissions from industrial sources will travel and in what 
dilutions. Modelling can also be utilised for forecasting the destination of air borne 
substances when an accidental release occurs. Modelling can be achieved using 
computer programs that solve the mathematical equations and algorithms that describe 
the dispersion of pollutants (Chapter 8). The downwind concentration of air pollutants 
emitted from industrial sources, large fires, power stations and traffic, can be estimated 
and predicted by using dispersion models. The output from modelling is typically 
described in statistical terms, which is the only reasonable way of describing an air 
pollution situation, since even a single source with a constant rate of emission gives rise 
to a wide variety of concentrations at a given location (Hogstrom, 1974). 
Dispersion models are useful and important tools for managing ambient air quality, 
particularly in relation to public health protection. It is for this reason that government 
agencies and local authorities often use the outputs from such models. When the impact 
of an odour is required to be assessed, atmospheric dispersion modelling can be used. 
Several of the advanced dispersion modelling programs includes a pre-processor 
component for the input of meteorological and other data, and many also include a post-
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processor element for graphically representing the output data and! or illustrating the 
area on a map which has the potential to be impacted by the pollutants. 
This chapter discusses the theory and methodology behind atmospheric dispersion 
modelling and reviews the uses of the resulting outputs. The applicability is discussed in 
general terms in section 9.2 whereas section 9.5 looks specifically at the use of the 
atmospheric dispersion models for odour modelling. 
9.2 APPLICATIONS FOR DISPERSION MODELLING 
The application of atmospheric dispersion modelling is varied· and includes a number of 
purposes (Kukkonen, 1999): 
• determining source - receptor relationships (and vice-versa) for existing and new 
pollutant sources 
• appraising the relative contributions of different pollution sources 
• estimating the spatial distribution of pollutants and population exposure 
• estimating the temporal distribution of pollutants 
• assessing alternative pollution mitigation options and their cost effectiveness 
• calculating suitable chimney heights for point source emissions 
• use as tools in research 
Therefore atmospheric dispersion modelling can be a useful tool for: 
• regulatory planning 
• emergency planning 
• appraising options in pollutant control 
• incident response 
• the locating of environmental sampling points 
• post incident analysis and surveillance 
• exposure assessment 
When used for regulatory purposes, atmospheric dispersion models can be used to 
predict the ground level concentrations (GLes) of pollutants at specific locations e.g. 
the closest residential properties to an industrial process. The pollutant concentrations 
Helen Smethurst 
University of Surrey 172 
Chapter 9 - Dispersion modelling and odour modelling 
can be averaged over specified time periods for releases from specific sources. The 
meteorological conditions such as the wind speed, wind direction and turbulence in the 
boundary layer, together with terrain and emission characteristics, will affect the GLCs. 
As a rule, environmental monitoring of air pollutants is important for validating and 
calibrating the results of modelling (Hanninen, 1999). 
9.2.1 Input for dispersion modelling 
For the purposes of dispersion modelling we need to specify, as a minimum, the overall 
meteorological conditions, mean wind speed and direction; the terrain and building 
details; the stability and turbulence levels; and the effective height of the emission and 
plume rise (if applicable) as discussed in Chapter 8. It is also necessary to have detailed 
data with respect to the air emission inventory, the release load and the release 
conditions. For more advanced modelling the following data is also required (or 
modelled): profiles of the wind speed and direction, profiles of temperature and 
turbulence, the surface heat transfer rate, the boundary layer depth and often the 
boundary conditions with time. 
9.2.2 Classes of atmospheric dispersion models 
There are a number of distinct classes of atmospheric pollution dispersion models that 
are used for regulatory and similar purposes. 
9.2.2.1 Box model 
The box model is the simplest of the model types. In its basic form, it treats a certain 
volume of air in a geographical region, in the shape of a rectangular box. It assumes that 
the air pollutants inside this box are homogeneously distributed and uses that 
assumption to estimate the average pollutant concentration anywhere within the box 
using the following equation; 
~::~~tion t~J;;~;)-=-(~:t 1+ (Cr;:~:l~~_:~ru;~~~Jl (9.1) 
Source: (University of Leeds, 2008) 
Although useful, this model is very limited in its ability to accurately predict the local 
dispersion of air pollutants. It can however be extended to follow a parcel of polluted 
air, in which case it becomes more useful as atmospheric chemistry can be included. 
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9.2.2.2 Gaussian model 
The Gaussian model has been used for atmospheric dispersion modelling for many 
years. The model assumes that air dispersion, from a continuous point source, has a 
Gaussian distribution, meaning that pollutant distribution has a normal probability in the 
y (horizontal/lateral) and z (vertical) axes. Gaussian dispersion theory allows the 
concentration due to this trajectory to be predicted at any location down wind (Figure 
9.1). The model can be extended to follow a parcel of polluted air, in which case it 
becomes more useful as atmospheric chemistry can be included. 
H s = Actual stack height 
He = Effective stack height 
= pollutant release height 
= Hs + 'oh 
.0 h = plume rise 
Figure 9.1: Visualization of a buoyant Gaussian air pollutant dispersion plume, showing the 
Cartesian coordinate system. Adapted from source: (ColIs, 2002) 
A Cartesian coordinate system is generally used to specify dispersion geometry, as 
shown in Figure 9.1, as follows: 
the x axis lies along the mean wind direction; 
x is the distance downwind from the source; 
y is the lateral distance fron1 the mean wind direction; 
z is the height above ground level. 
Two fundan1ental relationships of plulne dispersion theory are assulned and used to 
make the calculations of pollutant distribution. Firstly, the flux of the plulne 111aterial 
through a plane at a distance downwind of a continuous, steady source n1ust be identical 
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to the emISSIon rate, Q, e.g. (kg/sec), leading to a prediction for the average 
concentration, C, e.g. (kg/m3) in the plume as: 
C=QIUA (9.2) 
where A is the cross section of the plume and U is the mean wind speed through that 
cross section (Figure 9.2). 
p ml.Iffi9 
cross--sedbn 
\k>1Uf1"lo9 of airlsec:ondl: 
IMass of po JutantJseccmdI: 
PoJlutant release: !fate: 
Ave:rago cnJ'l.OOfltmtion: G=Qt'UA 
Mean wind 
c~ QrUA 
Area: 
I --- A IJh2 
/ ', 
Mal}Ilj UTI canoontratian at 
g;round veJ fro - oouroo 
at height h: 
Cmm; ; Q/mh2tJ 
Figure 9.2: The fundamental relationship of plume dispersion between concentration, wind 
speed and plume cross section. Source: (Robins and Hill, 2005) 
As a first approxilnation, the maximum ground level concentration, Cmax, expected from 
a plume emitted from height, h, above the ground will occur when the plume has 
dispersed down to the surface, and therefore: 
(9.3) 
More precisely, the concentration distribution in the plume is non-unifonn and Gaussian 
plume dispersion theory represents this by replacing equation (9.2) by the bi-Gaussian 
concentration distribution: 
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where y and z are measured from the centre line of the plume, C5 y and C5 z are measures 
of the lateral and vertical spread (standard deviations) and the leading term on the right 
hand side is derived from the conservation condition: 
Q= ff UCdydz 
plume 
The maximum concentration in the elevated plume, Co, follows as: 
(9.5) 
in contrast with (9.2). 
When a plume is discharged from an elevated source at z = h above a surface, the 
pollutants cannot disperse in all directions without constraint. At some point downwind, 
downward dispersion is limited due to the presence of the ground, while upward 
dispersion may be limited due to an inversion layer (ColIs, 2002). The final exponential 
term in equation (9.4) is modified to account for this by the inclusion of a 'reflected 
plume term', as in 9.6 below. 
The reflection term, the last term on the right, does not make a significant contribution 
to concentrations above the ground when h »C5z and in this case the vertical profile is 
Gaussian, as before. However, as 0' z increases, the plume will eventually be affected by 
the ground and the reflection term then contributes to the concentration profile, which 
then becomes non-Gaussian. Far downwind, where h« C5z the theoretical profile again 
becomes Gaussian, as: 
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Figure 9.3 illustrates the profile shapes of a fully elevated plume. 
Height 
U(z}, T(z) etc. Gaussian profile shapes 
Vertical and lateral 
spread 
Reflection at 
Gauss ian model: Co == Q/2JtoyazUp 
2 Ground level: Cmax - (Q/UpZp )(a y/oz); 
Models relate: Zp, Oy. Oz to emission & ambient conditions 
height the ground 
o (·x }==Z 12 11/2 
z max p 
Figure 9.3: Features of the Gaussian plume model. Source: (Robins and Hill, 2005) 
It proves convenient to separate the decay in concentration with plume growth from the 
changes brought about by the refection tenn as a plUlne interacts with the surface 
beneath it. Equation 9.7 is therefore written as: 
(9.7) 
Co is the maximum concentration in a fully elevated plume (i.e. where h » cr z ); in 
contrast, for a ground level plume, with h = 0: 
C = 2C exp(-LJexp(-~J 
o 2cr2 2cr2 
y z 
The concentration at ground level, z = 0, given by equation 9.8 is: 
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Provided that the ratio, (J' z / (J' y' is independent of distance from the source, the value 
and position of the maximum ground level concentration from equation 9.9, Cmax and 
Xmax are given by: 
Cmax = Q (J'z 
enUh2 (J'y 
h (J'z(xmax ) = ..fi 
Finally, for a ground level emission, 9.9 becomes: 
(9.10) 
(9.11) 
In general, the mean wind speed, U, is lower for a ground level source than an elevated 
source, which implies greater concentrations, all else being equal. However, plume 
spread is also a function of plume height, reflecting the changes in atmospheric 
turbulence with height and the true picture is somewhat more complex. Such details can 
be ignored in the present work. 
In the majority of situations the Gaussian model is, indeed, a reasonable approximation, 
although in reality the situation is more complex as U, (J' y and (J' z are functions of the 
height of the plume, and the ratio of (J' y / (J' z' is not independent of x. A further 
complication is that of plume rise, causing plume height, Zp, to increase above the 
height of the source, h, (Robins and Hill, 2005). 
Gaussian models are particularly useful for assessing the effects of single source 
emissions. They are however less well adapted to issues where there are numerous 
sources e.g. to treat traffic emissions in a city situation. Gaussian models are frequently 
employed for predicting the dispersion of continuous, buoyant plumes of air pollution 
derived from ground level (area/line/volume) or elevated (stack/chimney) sources, with 
specified, steady meteorological conditions. Gaussian models can also be used for 
predicting the dispersion of non-continuous or puff-type air pollution plumes. 
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Examples of Gaussian models include ISC3 (Industrial Source Complex), a relatively 
old model, and ADMS (Atmospheric Dispersion Modelling System), a relatively 
modem model. In the Gaussian model, the meteorological conditions are assumed 
constant during the dispersion of the plume from the source to the receptor, which is 
effectively immediate. In reality, emissions and meteorological conditions can fluctuate 
from hour to hour, but the model calculations made in a particular hour are independent 
of those in other hours. Due to this mathematical derivation, it is common to call 
Gaussian plume models, steady-state dispersion models. The difficulties that arise from 
this assumption are discussed in Section 9.3, Issues in dispersion modelling. 
9.2.2.3 Lagrangian model 
Numerical modelling by this technique assumes the pollutant particles that are emitted 
from sources to be identical in size, shape and chemical composition as any other fluid 
particle in the flow. Lagrangian dispersion models mathematically 'tag' the particles as 
air parcels and study how they move in the atmosphere as a random walk process. The 
Lagrangian model then calculates the air pollution dispersion by computing the statistics 
of the trajectories of a large number of such pollution plume parcels. Lagrangian models 
use a moving frame of reference as the parcels move from their initial location. An 
observer of a Lagrangian model is said to follow the plume as it disperses (Sandipan, 
2008). 
9.2.2.4 Eulerian model 
Eulerian dispersion models numerically explain atmospheric diffusion by measuring the 
properties of the atmosphere as it passes a fixed point (i.e. uses a fixed three-
dimensional Cartesian grid as a frame of reference). This can be easily understood as it 
is said that an observer of an Eulerian model watches the plume go by from a set 
position. 
9.2.3 'Advanced' dispersion models 
The so called 'modem' or 'advanced' models of atmospheric dispersion have improved 
physics, use flexible emission parameters and can be applied to a wide range of source 
types, including area, volume and point. Advanced models can also simulate the effects 
of more complex terrain types and coastal areas on pollutant transport and dispersion in 
a more realistic way than basic Gaussian plume models. Advanced models do however 
require more detailed meteorological input data to emulate accurately complex 
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dispersion effects. Advanced models are not often used for regulatory purposes due to 
their complexity and long run-times. 
9.2.4 Commonly used dispersion models 
The more commonly used models, for modelling for regulatory purposes; include the 
USEPA ISC model, its UK equivalent, R91, and the more technically advanced ADMS, 
and the US equivalent AERMOD. Both ADMS and AERMOD have rapid response 
times and focus on short-range pollution issues. Output requirements are prescribed by 
air quality standards and are typically annual average limits (e.g. nitrogen dioxide and 
PM2 . .s), and measures averaged over periods of 24 hours (e.g. for sulphur dioxide and 
PMlO), 8 hours (ozone), 1 hour (nitrogen dioxide) and 15 minutes (sulphur dioxide). The 
standards specify the maximum number of occasions per year that concentrations are 
allowed to exceed stated standards. For example, the current UK 1 hour nitrogen 
dioxide standard is 200Jlgm-3, which should not be exceeded 18 times per year; i.e. 
0.2% of the time (8760 hours in a year). The air quality objectives relate to the extremes 
of the annual distribution of concentration levels, therefore model users tend to calculate 
concentrations for each hour in a year and from this derive the statistical measures. 
Input for dispersion models includes information regarding sources, meteorology and 
terrain. The most important of the meteorological data are wind direction, wind speed, 
height of the boundary layer and a measure of the atmospheric stability 
(Pasquill/Gifford stability is used for the ISC and R91 models and the MoniniObukhov 
length scale for the USEPA AERMOD and UK ADMS models). 
The use of ADMS is important for health protection as the model can be used to track 
the dispersion of a chemical release via the issue of CHEMETs (CHEMical 
METreology). CHEMETs are simple maps of the short-range prediction of the 
anticipated behaviour of a plume. From this prediction areas can be identified as being 
at risk from the incident. CHEMET reports comprise of two parts. Form A describes the 
details of the incident (the input to the model) and Form B provides a forecast of the 
relevant meteorological parameters, together with an Ordnance Survey map showing the 
main area at risk. An example of a CHEMET forecast is shown in Figure 9.4. 
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Figure 9.4: CHEMET- area at risk map (example) showing total area at risk (orange shading) 
and area of highest risk (brown shading). Source: (Met Office, 2011) 
The NAME (Numerical Atmospheric dispersion Modelling Environment) model was 
developed by UK's Met Office in 1986 after the nuclear accident at Chemobyl, when 
the 'N' originally stood for the word 'nuclear' in its title. The model was used to predict 
the dispersion and deposition of radioactive material released into the atmosphere. 
NAME is used today and is capable of modelling a wide range of dispersion events (e.g. 
volcanic eruptions, oil fires) and can also be used in the inverse mode to identify 
possible source areas. The NAME dispersion model was used to relate the possible 
source areas of odours that were perceived in the UK during April 2008. The 
subsequent analysis of this incident, using NAME and back trajectory lTIodelling, IS 
discussed in the following research papers (Smethurst and WithaITI, 2008). 
9.3 ISSUES IN DISPERSION MODELLING 
Atmospheric dispersion lTIodelling only provides a prediction of the concentration of air 
pollutants and their dispersion in the atmosphere. The reliability of the models depends 
on a nUlTIber of factors, depending on the cOlTIplexity of the problem being addressed, 
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on the physical situation and on what output is required from the model. There will be 
less certainty from the results of a model used to predict annual averages over complex 
terrain as opposed to flat terrain as discussed in Chapter 8. A series of identical 
measurements made in apparently the same atmospheric conditions can give results that 
vary due to the fact that no two sets of atmospheric conditions are truly the same. 
Meteorological conditions are rarely strictly steady and the averaging times used are 
usually too short to provide steady and repeatable measures. The output from modelling 
therefore is typically represented by the use of statistics. The following sections 
describe why the Gaussian distribution of atmospheric dispersion can in reality be very 
different to what is observed. 
9.3.1 Plume characteristics 
Plume dispersion behaviour can be observed that clearly does not always comply with 
the Gaussian dispersion model, particularly in the instantaneous view of its structure 
and fine scale eddies as can be seen (Figure 9.5). 
Figure 9.5: Dispersion in an unstable boundary layer showing one state of the instantaneous 
plume with as estimate added (black lines) of the envelope of the time averaged plume. Source: 
(Mikkelsen, Ris0 National Laboratory) 
The dimensions of the instantaneous and average plume are the same at the source. 
Away from the source atmospheric turbulence disperses the plume through two 
mechanisms: the large eddies move it bodily (sometilnes referred to as flapping or 
'meander') and the small eddies broaden it by mixing with atnbient air. Both processes 
can be clearly seen in Figure 9.5. The growth of the instantaneous plulne accelerates as 
it broadens (at least initially) as a greater range of eddy scales are able to contribute to 
the spreading process (these are the eddies cOlnparable with and smaller than the 
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plume). Far downwind the distinction between the instantaneous and average plume 
scale gradually disappears. There are two contributions to plume concentration 
fluctuations resulting from this behaviour, one due to the large scale motion of the 
instantaneous plume and the other to the fluctuations within it. These processes always 
occur to some degree, but are most obviously separated in unstable boundary layers 
because of the clearly defined large eddy motions associated with thermals. In neutral 
conditions the range of eddy sizes is less and in very stable conditions least. 
The instantaneous plume is generally narrower than the average and this can result in 
pockets of high concentrations, which means that the average concentration as 
calculated is exceeded, potentially posing a hazardous situation downwind which was 
not predicted by a mean concentration model. The plume also displays periods of 
considerable intermittency (i.e. the probability of zero concentrations being 
experienced) even on the centre line. 
TheavEUage 
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Figure 9.6: The mean and instantaneous concentrations in a meandering plume. Source: (Robins 
and Hill, 2005). 
This is illustrated in Figure 9.6, which exactly suggests that periods of no concentration 
are possible directly downwind from the emission as the narrow, instantaneous plume 
meanders around the Inean wind direction. The process of averaging plulne behaviour is 
referred to as 'tilne-averaging' if continuous observations of concentration are applied. 
'Ensemble-averaging' is the tenn used to define when a nUlnber of individual 
observations are used. With averaging, the variable concentration distribution observed 
at any instant becOlnes wider and slnoother and its maxilnuln decreases. 
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The dependence of plume characteristics on the height of the source release relative to 
the boundary layer depth and the source size (assuming a passive plume for simplicity) 
is also important. The following (Figure 9.7), derived from wind tunnel experiments, 
demonstrates the key points (Fackrell and Robins, 1982a). It shows the intensity of the 
fluctuation, defined as 
c' 
c 
(9.12) 
where c' is the maXImum fluctuation concentration and C the maXImum mean 
concentration at distance X downwind in a boundary layer of depth H. Results are 
shown for a ground level and an elevated source (at height z = 0.19H) and a range of 
source diameters (d = 3 to 35 mm). The ratio of d to the scale of turbulence, L, is also 
given. 
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Figure 9.7: Variation of normalised maximum concentration fluctuation level in a ground level 
and elevated plume as a function of downwind distance from the source. Source: (Fackrell and 
Robins, 1982b) 
The intensity of the fluctuation in the ground level plume source is approximately 
independent (at about 0.5) of both distance downwind and source size, at least for the 
size range and fetch, examined in these experiments. The behaviour of the elevated 
plume is much more dramatic. The intensity of the fluctuation, obviously zero at the 
source, grows rapidly to large values for the smallest source before decaying toward 
the ground level plUlne value far downwind. The Inaxilnum value decreases as the 
source diameter is increased. This reflects the behaviour noted in Figure 9.5 - the 
instantaneous plume being moved around bodily within a limiting envelope (the mean 
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plume spread). The ratio of the size of the instantaneous and mean plume is clearly one 
at the source and tends to one again far downwind, but between these two limits it can 
be considerably less than one. A further point to note is that the values of the intensity 
of the fluctuation imply that the probability distribution of concentration (a positive 
variable) is highly 'skewed' and not at all like a normal distribution. This has 
considerable bearing on extreme values, as might be characterised by the 99-percentile 
(the value exceeded for 1 % of the time), and hence on odour detection in a plume of 
odorant material. 
An example of a (wind tunnel) concentration signal from an intermittent plume (50%-
ile = 0 as the intermittency is 0.45) is shown in Figure 9.8. The mean and standard 
deviation are calculated from the much longer full signal. A practical issue is that any 
instrument system has a random noise level and that must be removed, otherwise the 
intermittency is incorrect. Note that the 99 percentile is about 8 times the mean value, 
in the case shown in Figure 9.8. 
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Figure 9.8: An example of a (wind tunnel) concentration signal from an intermittent plume 
(50%-ile = 0 as the intemlittency is 0.45). 
9.3.2 Odour plumes 
The pathway issues for modelling odorous releases are the same as when one is 
modelling other pollutants; however, the nuances connected with olfaction and 
perception must be borne in mind when modelling odorous pathways, as this will affect 
the predicted odour ilnpact. As the atmosphere is the link between sources and receptors 
it is necessary to appreciate fully pathway n1echanisn1s in order to assess exposure 
relationships. 
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Environmental odorants are often presented to receptors as turbulent plumes, resulting 
in spatially and temporally variable odour signals at the olfactory epitheliuln. Odour 
concentrations can fluctuate widely within a plume and individual plumes are 
intermittent and unpredictable, other than statistically. Close to the odour source, 
concentration fluctuations are large and the frequencies are high, whereas, further away 
from the source, the concentration fluctuations are smaller, the frequencies of the signal 
become lower and the periods of tilne where there is little or no odour signal (i.e. the 
intermittency), becomes less frequent. This has been demonstrated by physically 
modelling, dispersion patterns in experiments undertaken at the University of Surrey in 
the EnFlo wind tulmel (Figure 9.9). 
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Figure 9.9: Shows how statistics of filtered (wind tunnel) signals behave with increasing T* , 
dimensionless time; i.e. the intensity of fluctuations tends to zero and the extreme value (here 
the 95%-ile) tends to the mean 
Fronl the resultant traces of plulne concentrations, it can be concluded that spatial and 
teInporal changes in the odour signal occurs with increasing distance from the source of 
the odorant(s). This has implications for interpretation of response rates and incidence 
when popUlations and individuals are exposed to the odorant signal. 
The characteristics of the nlean and of instantaneous concentrations within a dispersing 
odorant plulne are the starting point for understanding the response when exposure 
occurs. Figure 9.10 demonstrates the type of behaviour described above in an unstable 
boundary layer, the iInportant point to note is that the dilnensions of the plume are small 
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cOlnpared with the eddies of the flow transporting it. The plume is moved around bodily 
within a limiting envelope. Whilst this is the case, concentration fluctuation levels are 
high and the plume displays considerable intermittency (i.e. the probability of being 
'observed' or exposed at anyone point in time). The fluctuations become less intense as 
the plume becOlnes larger relative to the surrounding eddy - by growth and initial size. 
Figure 9.10: A smoke plume from a small source in an unstable atmosphere; here the plume is 
caught in a downdraft between the rising thermals - at other times it would be carried away from 
the ground by an updraft. Photograph: (T Mikkelsen, Ris0.) 
Chapter 10 of this thesis, Empirical work, discusses and illustrates these points In 
further detail. 
9.4 DISPERSION MODELLING OF ODOURS 
When odorants are emitted into the atInosphere they become pollutants and are subject 
to atmospheric and topographical processes, as described in Chapter 8, The atlllosphere 
and atInospheric dispersion, just like the 'classic' air pollutants. In theory, therefore, 
atmospheric dispersion modelling could potentially be used to predict the concentration 
of an odorant downwind from its source. The modelling inputs are the same as for 
traditional air pollutants; in that there is a requirelnent to characterise the discharge, to 
detail the local terrain, to obtain Ineteorological data and to specify the location of 
downwind receptors. However, odours actually need to be considered differently frOln 
classical pollutants for a nUlnber of reasons and these are considered in section 9.5 of 
this chapter. In addition there are much greater uncertainties connected with odour 
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modelling than with the modelling of other pollutants. These uncertainties are discussed 
throughout the following sections and are summarised at the end of this chapter in 
section 9.7. 
When it comes to predicting odorant transport, atmospheric dispersion modelling is 
increasingly being used to determine source culpability, evaluate control measures and 
importantly to assess odour exposure. Traditional atmospheric dispersion models were 
initially developed to assess the concentrations of particular compounds and their 
impact. Assessing the effects of odorants, however, necessitates important differences in 
approach. The implications of these differences must be evaluated before the application 
of any model to an odour assessment. 
9.5 DIFFICULTY IN MODELLING ODOURS 
Atmospheric dispersion modelling is accepted as being a valuable tool for assessing the 
impact of odours but there are differences between conventional dispersion modelling 
and odorant dispersion modelling in at least three broad areas: 
• At the source (characterising and quantifying the odour) 
• During the pathway (transport and dispersion) from the source to receptor 
• At the receptor (human olfaction and perception) 
Therefore significant differences in methodology are needed when devising and 
developing odour modelling and during the interpretation of the results (Clearwaters, 
2000). 
9.5.1 Source 
The source term complications in relation to modelling odours are many. Some issues 
are related to previous observations included in Chapter 2 Odorants and odours, of this 
thesis, therefore the points are merely summarised here for completeness. Other 
problems associated with characterising and quantifying odorous sources are discussed 
in greater detail. 
The distinction between odours and odorants must be explicitly made when describing 
source term characteristics. It is relatively easy to measure odorant components of an 
emission by analytical means (i.e. what chemicals are in the emerging plume and how 
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much), whereas odours, as sensory entities, are notoriously difficult to quantify and 
characterise at source. 
Source type 
The first characteristic of the source term that is required is the source type that the 
odorants are being emitted from; be it a point, area, line, volume or fugitive source. In 
addition, odours can also be emitted from spills and leaks, which have a less predefined 
source area. The actual sampling of odours is also fraught with difficulties due to the 
different source types and due to there being no European standardised method for 
sampling odours (Bockreis and Steinberg, 2005). 
Source concentration 
The concentration of an odorous emission can be measured analytically or by sensory 
techniques; both methods have their respective advantages and disadvantages and may 
be expensive to carry out. Odour emission modelling can only really be undertaken 
where it is possible to quantify the emission and the source characteristics; it is likely to 
be more straightforward where the release is continuous or semi-continuous. It has been 
suggested that odour modelling is only appropriate for releases with potential chronic 
odour implications, rather than for acute odour effects, such as those that occur when 
abnormal operations at an industrial process take place (Freeman and Cudmore, 2002). 
In addition, only a few atmospheric dispersion models have the capability to deal with 
acute cases. ADMS does have the capability to model fluctuations, therefore could be 
utilised for the acute case. The output from the model will of course be statistical, not 
the properties of a single event but the ensemble average properties of a large number of 
such events. 
Determination of odour concentrations by the use of odour panels (olfactometry) is the 
method employed to input into dispersion models (i.e. concentration of the odour is 
achieved in terms of oulm3). This method is only applicable for samples with relatively 
high concentrations; therefore, it is only used to determine the concentrations from 
actual emissions (NERI, 2005). 
Emission rate 
A determination of the emission rate is also required. Measurements of the 
concentration and the volumetric flow of the emission are required for estimating the 
odour emission rate (the 'emission rate' is calculated by multiplying the source 
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concentration in odour units (ou) by the volumetric flow rate). For a point source, the 
odour emission rate is commonly expressed as odour units per second (ou/s) and for 
area sources the rate is expressed per unit area per second (0u/m2/s). Most traditional 
atmospheric modelling assumes that emissions are steady and continuous, which is 
often not the case, especially for fugitive sources or when short-term releases of gases 
may occur, for example, when pressure mounts up and is released as a short gust of gas. 
Short-term 'puffs' display more complex dispersion patterns than a continuous release 
because they are inherently small (at least initially) relative to the turbulence eddies of 
the boundary layer and are also subject to along-wind dispersion. The quantification of 
odours from diffuse or fugitive sources and/or where the flow rate is low is difficult due 
to the fact that it is then hard to estimate actual emission rates. Fugitive sources can 
often have high odour concentrations that can be detected near to the source but are 
associated with low flow rates. 
Characterisation 
Another difference between standard regulatory modelling and odour modelling is in 
the characterisation of the emissions. Modelling carried out for air quality permits are 
generally specific to a particular pollutant or pollutants. Emission rates or fluxes (in 
units of mass emitted per unit time or masslunit timelunit area) are determined from 
sampling the source and the application of emission factors, or theoretical emission 
equations. Many odorous emissions, however, are complex combinations of 
compounds. In circumstances where a single dominant odorant is the main cause of an 
odour, it may be appropriate to determine the concentration of the particular chemical 
and evaluate the result in terms of its odour threshold. An example of this often occurs 
in the sewage treatment industry, where H2S is one of the dominant odorant chemical 
and, therefore, this compound is used as a 'marker' for the odorous release (Defra, 
2006). Assessment with the odour threshold method is limited because most odours are 
caused by a complex interaction between different chemicals and odour interactions are 
complicated; e.g. odours from one source may mask those from another. The intensity 
of the odour may also change with distance from source and during exposure to sunlight 
and mixing with clean air. Odours are not fundamentally additive, although some 
atmospheric dispersion models incorrectly assume that this is the case. These 
complications cannot be accounted for in most classes of dispersion modelling because 
of the very complex relationships between concentration and intensity and masking and 
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synergistic effects that are complex and unique for each mixture of odorants. A single 
indicator compound, with a low odour threshold and high emission rate can be applied 
if it is indeed representative of the sources under consideration. It has been pointed out 
however that this method may lead to significant underestimates of odour effects away 
from the source (Duffee and O'Brien, 1992). 
Source sampling time 
The choice of sampling time at source is also important, as in the majority of situations 
where there is an intermittent source it is necessary to consider the impact of the worst 
case emissions scenario e.g. when odorants are produced at the maximum concentration 
or rate and perhaps when the most odorous materials are being handled on site. Often, 
odour production varies with season, during the day, and it might be necessary to use 
the highest emission levels in an odour impact assessment (Environment Agency, 
2002b). 
Regulations 
As previously stated air quality standards for many pollutants are defined in terms of the 
basic averaging period (e.g. hour, minute or seconds), the period of assessment (year or 
month) and the level of percentile (98th, 99th) or maximum permitted mean. Therefore 
for comparisons to be made, modelling needs to provide predicted concentrations, in the 
form of statistics. This method is not suitable for odorants and odour impact due to the 
subjective nature of perception, the lack of air quality standards for odour and the 
uncertainties associated with dispersion modelling. 
Other criteria utilised for odour nuisance include: 
• No odour beyond the site boundary 
• Odour units (ou) as 98th percentiles 
• Frequency of exceedence of levels of impact (Simms et aI., 2000) 
The regulation of odorants and odour are discussed in more detail in Chapter 6, The 
legislative and regulatory control of odours. 
9.5.2 Pathway 
The basic effects of atmospheric dispersion and the modelling of dispersion to estimate 
the behaviour of pollutants have already been covered in this thesis. This section 
therefore discusses what differences need to be considered during the modelling of 
odours. Essentially, averaging times are important for odour modelling, as odour 
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perception is subjective in nature and occurs over a short time scale. Secondly it is the 
'peak' concentrations of odorants in the atmosphere and the duration of these extreme 
values that determine nuisance at receptors. 
A veraging times 
One of the principal output features of standard dispersion models that must be adapted 
for odour assessment is the use of an appropriate averaging time. Essentially, there are 
two approaches; the first is based on modelling hourly average concentrations and the 
second method on the use of shorter averaging times (i.e. much less than an hour). 
There are fluctuations at the level of a one hour time period but, nevertheless, the one 
hour average is generally taken as a reliable estimate of the (ensemble) average 
concentration level for the set of circumstances studied. Effectively, this ilnplies that the 
spread of the hourly averaged plume is close to that which would be obtained by 
sampling for much long or (providing the circumstances did not change). The 
observable plume size decreases as the averaging time is decreased but the level of 
fluctuations increases as the plulne ' lneanders' within the envelope determined by the 
long tenn average (Sykes and Gabruk, 1997). At short averaging times we have a more 
instantaneous snapshot of the plulne whereas at longer averaging times we see a wider 
plume (this is illustrated in Figure 9.11). 
Mean Wind Direction .. 
Relative Concentration 
(a) (b) 
Figure 9.11: Smoke plume observed instantaneously and averaged over 10 min and over 2 hr 
Diagram (b) shows the corresponding crosswind concentration profiles. Source: (Slade, 1968) 
Averaging concentrations over tilne periods such as an hour effectively smooth out the 
peaks and short-term fluctuations in the pollutant concentrations. 
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The two plots in Figure 9.12 show the same data, averaged over a 15 lninute period 
(left) and using hourly averaging (right) (i.e. is four times slower than the 15 minute 
trace). The mean of all the readings is the SaIne in both cases, represented by the pink 
line, however as the averaging tilne increases the peak values decrease and short time 
scale extreme events are in effect' filtered' or 'averaged out' . 
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Figure 9.l2: Comparison of different averaging times for the same data set from a pollution 
monitor. The left hand covers a full year and the bottom trace is an expanded view of the first 
2,500 hours. The pink line marks the annual average. Source: (McHugh, 200 I). 
The lnost appropriate method therefore is to represent the 'peaks' as extreme values and 
define theln statistically (i.e. 98th or 990/0 percentiles). 
U sing short averaging times can lead to a conservative maXllnUln concentration of 
pollutants (Sarkar et aI., 2003b). This is a key issue in odour modelling, or in the 
lnodelling of any substance where it is important to determine short-tenn effects, such 
as very toxic or flammable contaminants. In terms of odour, a single concentration peak 
lnay not cause annoyance; however, averaging the concentrations could overlook 
frequent peaks of high exposure. It has been suggested that an odour will only become 
an annoyance if it is noticeable for periods of time typically longer than 3 minutes 
(Silnn1s et aI. , 2000). 
Another practise, which has been utilised when lnodelling odours, is that of 
recalculating the tin1e average period. After predicting the one hour average odour 
concentrations using dispersion lnodelling, the concentrations are then converted to an 
averaging tilne, which is lnore appropriate to odour response. In order to do this an 
equation of the following form has often been used: 
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Cl=C{~J (9.13) 
where Co is the pollutant concentration for the longer averaging time (to); C1 is the 
concentration of the pollutant for the shorter averaging time (t1) and n is an empirical 
exponent that is dependant on the stability of the atmosphere (Nicell, 2009). 
This is purely an empirical approach that has limited applicability. It has been suggested 
that the use of Eq. (9.13) 'cannot be justified' due to the fact that short-term averages 
can be considerably larger than the hourly averages suggested by standard modelling 
and that information on short-term concentrations is only found when one focuses 
attention to the probability distribution of the short time-averaged concentrations 
(Venkatram, 2002). It has been proposed that time-averaged concentrations need to be 
described in terms of the statistical distribution of the concentrations (Venkatram, 2002, 
Chatwin, 1982). 
It has been shown that decreasing the averaging time increases the probability of 
exceeding the mean by a large factor. However, the probability of a zero concentration 
also increases concurrently and, of course; the total ensemble mean remains unchanged. 
At short averaging times the larger departures from the mean are reflected in the 
standard deviation of the distribution of the concentrations. A simple model based on 
the concentration time series has been suggested in order to investigate the consequence 
of averaging time on concentration probability distributions (Venkatram, 2002). 
Ensemble mean concentrations do not rely on averaging time. That is not to say that the 
1 hour time averaged concentration is the same as a 6 hour averaged concentration as 
the longer the time average, the more likely affects of wind turning occurs In a 
laboratory, the mean wind can be held steady, therefore the ensemble mean is clearly 
not a function of averaging time. 
Short averaging times, down to the duration of one second, have been used to try and 
reflect a rapid odour response, though a standardised approach based on a shorter 
duration has not yet been validated (Environment Agency, 2002a). The appropriateness 
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of using different averaging times whilst modelling odours generated from a landfill 
site, has been assessed, validating with comlTIunity perception (Drew et aI., 2007). It 
was concluded that the use of shorter averaging times (1 min, 15 min, 30 min, 45 min 
and 1 hour) produced a dispersion pattern that was more representative of actual 
nuisance in the cOlnmunity. It was suggested that short averaging tilTIeS should be used 
in regulatory controls rather than the historical 1 hour average (Drew et aI., 2007). 
Peak-to-Mean ratios 
Most regulatory level dispersion models are based on predicting the averaging times 
used in air quality regulations; i.e. from one hour to one year. ADMS is an exception in 
that it includes a concentration fluctuations lTIodule. Fluctuations in odour concentration 
occur within the one hour time period with peak concentrations often exceeding the 
average by large amounts (as discussed in the section above). It is accepted that peaks in 
odour concentration and their frequency of occurrence are important factors for the 
perception of odour. Consequently, a factor often needs to be applied to model results to 
reflect the peak-to-mean ratio (peak concentration divided by mean concentration) that 
describes the degree of fluctuation as the plume disperses downwind. For example, 
comparing the results of a model that predicts hourly averaged concentration and reality 
is illustrated in Figure 9.13 . The figure shows that although the model predicts a one-
hour average concentration of 2 ou/m3 this is not, in reality a good gauge of odour 
perception. Variations in wind speed and direction, together with turbulence 
fluctuations occur within that hour and, as a result, the actual ambient odour 
concentration varies between about 0 and 5 ou/m3 (in the case illustrated). 
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Figure 9.13: Long term mean concentration predictions compared with reality. Source: 
(Freeman and Cudmore, 2002) 
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A number of variables can affect the size and frequency of peaks and therefore the 
peak-to-mean ratios. These variables are: 
• the source type i.e. point, area or line source 
• the source release height above ground level 
• the effect of buildings and topography 
• the distance between the odour source and the receptor 
• the stability/turbulence of the boundary layer 
It is known that there are potentially large differences between area ground level 
sources and elevated point sources in terms of the downwind fluctuation to which a 
receptor would be exposed. Figure 9.14 illustrates how point sources at a height can 
produce considerably greater peak-to-mean ratios than area sources, or, indeed, ground 
level point sources (Environment Agency, 2002a). 
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Figure 9.14: Variations in downwind concentrations from (a) an area source and (b) an elevated 
point source. Source: (New South Wales Environmental Protection Authority, 2001) 
The plots illustrate how exposure at about 1km downwind of a source varies In 
conditions of neutral atInospheric stability according to the nature of the source. A 
receptor downwind of an area source is exposed to a fluctuating concentration, but at 
levels that lie n1uch closer to the long term Inean than for a point source such as a 
chimney or stack. The latter may produce iInproved dispersion but noticeably greater 
peak concentrations in relation to the average (New South Wales Environmental 
Protection Authority, 2001). 
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Any mathematical atmospheric dispersion model needs to be capable of predicting 
concentration peaks, their clustering, and the effects of sampling. Models of the 
probability distribution of concentrations provide important information regarding the 
distribution of the magnitude of concentrations but not their distribution in time 
(Borgas, 2000). Although spectra and correlation functions can essentially complete the 
picture, it might be more appropriate in practice to generate 'synthetic' signals that have 
the correct statistical properties and can be used to examine responses. This can be done 
in wind tunnel experiments. 
Peak-to-mean ratio factors can be used when modelling is used to estimate short-term 
peaks from predicted hourly average outputs; however the science in this area is 
uncertain (Freeman and Cudmore, 2002). The Environment Agency in England and 
Wales also state that 'the peak to mean ratio is an aspect of odour dispersion that is 
currently and has been for a long time being researched by a number of parties. At 
present there is insufficient information upon which to base a regulatory approach' 
(Environment Agency, 2002a). Validation of the relationship between a percentile of 
hourly averages and the level of annoyance as indicated by surveys remain the best 
basis for determining odour exposure acceptability criteria (Environment Agency, 
2002a). 
9.5.3 Receptor 
As previously discussed in Chapter 3, human olfaction is extremely variable in the 
population and perception is highly subjective. The human nose is also able to respond 
to odour exposure in a matter of seconds. All these factors lead to problems when 
deciding what odour criteria should be used to assess the impact of an odorous emission 
and what modelling accurately predicts the potential impact of an odour. Chapter 6 
discusses the various criteria utilised to minimise the impact of odours including 
emission limit values and nuisance factors. 
Perception 
Humans perceive odour in a matter of seconds whereas standard dispersion modelling 
tend to utilise averaging times of the order of minutes and hours, therefore overlooking 
the short-term peak concentrations of odour. In the vicinity of an odour source the odour 
concentrations will fluctuate around the mean value, (i.e. hourly mean). Consequently, 
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even in the situation when the hourly average is below the 'odour threshold', there may 
be short-term levels a number of times higher than the threshold. The ratio between 
mean and peak values is not a universal constant, and depends on a number of factors as 
previously discussed. It is often the short-term, high concentration peaks that lead to 
annoyance in the community (Miedema et aI., 2000). Consequently the use of the mean 
concentration becomes an inappropriate feature in regulatory control as it is the 
deviations from the mean in terms of the peaks that determine perception amongst the 
local community (Best et aI., 2001). 
An important issue in modelling odour dispersion is the duration of odour detection 
(Simms et aI., 2000). The human nose can perceive elevated concentrations of odour in 
a matter of seconds whereas predictions of odour concentration are often (but not 
necessarily) quoted as being over a one hour period. It may therefore be important to 
utilise a model that takes into account a peak-to-mean ratio of odour concentrations or 
predicts details of the fluctuations (e.g. their standard deviation) (Simms et aI., 2000). 
9.6 VALIDATION OF ODOUR DISPERSION MODELLING 
Essentially, there are three approaches to obtain data for the verification, improvement 
and development of atmospheric dispersion models, including odour modelling, and 
these are: 
• field measurements (routine monitoring and experimental campaigns) 
• detailed modelling by using complex computational techniques 
• wind tunnel simulation 
All of these approaches have advantages and disadvantages and are briefly discussed 
below. 
9.6.1 Field measurements 
Theoretically measuring concentrations in the field captures reality and is an accurate 
assessment of real meteorological conditions. The results are not based on hypotheses or 
simplifications imposed in a model; however carrying out field work is expensive and 
time consuming. The environmental conditions are constantly changing and cannot be 
controlled therefore interpretation of the results achieved is often problematical, as you 
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do not achieve statistically stationary results. Real life of course needs to be understood 
once the basics have been established elsewhere (i.e. from physical modelling). 
9.6.2 Computation techniques 
Computation techniques could potentially be used to determine short range 
concentration fluctuations, however only the most advanced models such as those using 
Large Eddy Simulation (LES) might be adequate, as it is the extreme values that we are 
attempting to reproduce. The work would require heavy computing on powerful 
facilities and there is one paper which has attempted to do this although there are 
reservations about the results (Xie et aI., 2007). Other researchers have tried to model 
the statistical properties of plumes, such as mean and standard deviation, but that is of 
limited use for our investigations. LES models are therefore unlikely to become 
operational tools for modelling dispersion in urban areas for the foreseeable future. 
9.6.3 Wind tunnel experiments 
Wind tunnel experiments, on the other hand capture information at scale, and the 
environmental conditions can be controlled to suit the requirements of the investigation. 
Long-term averages can be achieved and probability statistics calculated. Theoretically, 
this method of investigation is the most accurate since it captures the real physical 
phenomena in nature. 
Wind tunnel studies can extend our understanding of dispersion processes especially in 
the areas that require further attention, especially for odorants, namely: 
• dispersion in different environmental settings (i.e. rural/open or urban situations) 
• the characteristics of concentration fluctuations and probability statistics. 
Therefore wind tunnel studies are the route of investigation chosen, as it is available, 
understood, and effective with many examples of past evidence. The experiments will 
provide many answers to the uncertainties and issues for modelling odorant dispersion. 
The results from wind tunnel experiments will be assessed initially to highlight where 
significant differences in dispersion behaviour are observed, both in terms of mean 
plume spread and, most importantly, the characteristics of the concentration 
fluctuations. The significance of these differences is then analysed in terms of odour 
Helen Smethurst 
University of Surrey 199 
Chapter 9 - Dispersion modelling and odour modelling 
perception. Suitable literature models linking perception to the concentration signal 
have been selected and used for this purpose; additional simple models will also be 
proposed and used as necessary (e.g. based on percentage of time above threshold). This 
will give insight of model performance as well as an understanding of the likely 
differences in the public response to odorant emissions in urban and non-urban 
environments. 
The following chapter in this thesis, Chapter 11, Empirical work, details the 
experiments, the results, conclusions and the implications for exposure to odorants. 
9.7 SUMMARY 
Despite the apparent drawbacks, atmospheric dispersion modelling can be used to 
ascertain the source of pollutants, identify pollutant control solutions, is objective and 
impartial, is science based and can be used in legal situations. However, the modelling 
of odours is a developing subject when compared to the modelling of standard regulated 
air quality pollutants and there are a number of areas which need further validation, 
such as peak-to-mean ratios, alternative models and appropriate averaging times 
(Environment Agency, 2002a). Refinements to model applications are required in order 
to predict the fine scale detail that may be necessary for determining human responses 
to odour. 
The output from modelling is typically described in statistical terms, which is the only 
reasonable way of describing air pollution situations, since even a single source with a 
constant rate of emission gives rise to a wide variety of concentrations at a given 
location. The use of wind tunnel experiments to simulate dispersion patterns and to 
determine the probability distribution functions is the only objective way of 
demonstrating the different configurations of concentrations for distinct source 
parameters. 
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Appendix VI.I - Odour descriptors and hedonic scores 
APPENDIX VI.I 
Odour descriptors and hedonic scores 
Table AI.I: Odour descriptors for commonly encountered odours (Source: (Environment 
AgencY,2002a)) 
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Appendix VI.I - Odour descriptors and hedonic scores 
Table A1.2: Table of negative hedonic scores (Source: (Environment Agency, 2002a)) 
Iles!cription I Hedonic I Description I Hedonic I Description I Hedonic I Score Score l Score l - - - - - -
I Putrid. fO"JI, dI:<cayed -3.f4 ,Musty. eartny, mouldy - 1.!;!i4 I M:o:i'lci nal .l3.89 
Sewer 000'llr -2.68 ~ -L6~ • c:na.rky ..0.85 
Cat urine -3.64- Cleaning m.oo -1.69 'I/amish -0.85 
Faecal (Iik€' m.:3nufl=) -3.36 I !Kerosene -1.07 fob) polish raTlCVE\r .!J.81 
S iclc~rmg I:rromrr} -2.34 mood. raw meat -U i4 Paint -0.75 
Urine -3.34 !CheMical - 1.c4 TW'"~ntJne (pine oil} .l'J. t3 
Rancid -3.15 Tar -1.63 Kippery-smokeCl fi sh -0.69 
Bumt r..m'"~ -3.01 lDis':t.fectant, calil<'r..c -1.00 Fresh tobacco SilTloKe -0.66 
Sour m'!f. -2:91 E1her,~ic · 1.54 SauerKraut -0.60 
Stale tobacoo smak~ -2.83 SIllJT1. SilT10ky -1 .53 Camphor -0.55 
I Famm ted i,rotten} 1rurt.~ -2.rCi 8'UmI: paper -1.47 • C3rd.ooard ~O . !Joir 
D;lrty f:tl:.", -2.55 lre-r, fatty -1.41 A1c0hc6c -0.47 
Sweaty -2.53 a~ -1 .33 Crushed ~to:eOs -0.21 
Ammcma -2.47 C~osote -1.35 Garlic, onion ..0.17 
Sulphuro1IS -2.45 :Sol.rr . ... i~ -1~ ~ .l).16 
~harp , P'~"II:, actd -~ .. ;:;q. 'Momcalls · l.Zt. l:ieery -U.14 
Hooseho:d gas -2.30 Gasoline, 'sol .. oe. 1 -1.16 Burnt candle .l).OB 
Wet INCOI, "let d<>':l -228 ~I -1.1:2- Yeasty -0.01 
Moo se-&. e -2.20 Semin~. sperm.-lik'e -1.04- [);y, p:mdery -0.07 
Burnt milk -2. 19 t~ew ~el -O~ 
,stale, 
-.<:..U4 lMetXJc -U):i14 
Table AI.3: Table of positive hedonic scores (Source: (Environment Agency, 2002a)) 
, Description I Hedonic ! Description ! _i. I-a ! HIed_"""'" I i I ~ i I S~ I I i I ~ J.. _._ • ____ . ..-----.-- __ . __ .I ._. ___ 
.~-- .. -- -_ ... _. ------- - -- - -------
. .. 
Blae); pepper aU'9 Oe'E-1}" 1.36 PEar 2.26 
Mu:sky 0..21 Green p:;:per tag Car3.m:I 2.32 
Fa,l patato O.2fi 'Tea le-a· .. Es 1.~0 Coffee 2.33 
cggy tlre~Sil1i eggs.~ 1J .4~ I Arcrmnc 1 .~ 1 I Meaty I,CO::l.ked, gOO::! .I Z.:::4 
MoJShroorn 0.5.2 lRai5ins 1.56 Melon 2.4 1 
Beany 0 .. 54 Cooled v.egetables 1.58 Pop::om 2.47 
Geranium lEaves 01.57 CIO\Ie 1.67 Minty, peppe:mint 2.50 
Grainy (as ~) 1;)163 WM ty 1.92 Leman 2.50 
iU!l U.t:i l voronut U I:.:\. t- ragrant z.~~ 
'.'."OO'J.ry, resinou5, [11.:94- Grapemo 1.95 Fried c.hic\ en 2.53 
Soapy 0.96 Perfumery 1.96 Cinnamoo 2.54 
Laurel lea'aoes 0.91 Peanut butter 1.99 Cherry 2.55 
Euca::yptus OJ~Q Spicy. 1.99 V~.Ji 2.57 
N:IO:'asses l.UU !Banana 2.00 • Pin~'l!?--"= 2.59 
I t.'l.Ce n5J:' 1.01 AJrr~ 2.01 A~ 2.,61 
Ma::ty 1.05 Sw:.;:.t : .03- Pead1 2 ;67 
C3:ra'oi'oIay 1.05 &r:tery, fresh 00:tte-. 2.0io!! Violets 2.68 
Soupy 1.13 Grape : • 2.07 Fruity, citrus. 2.72 
t:fart., t 4rch oar1\. i.1 t:i I HOfF-Y 2.08 L;noco:.a1.e 2.iB 
Anise ( li quoo"~ :1 12 1 a:....~'lood :. 11 Roral 2.79 
Oak wood. COr~c 1..13 l liert~, g;een. ! gr3Ss 2 . 1 ~ 1 0ran~ 2.85 
Sea501ing {for meat} 1.21 C~ 2.16 StrawbelT'I 2 .93 
Leatn.er 1.30 . f resh gr~ 1Iegeta'M:-s 2. 19 Rose ~, . 08 
I t-t'a'i'l cucurrtll8r L 5U t- ru:ty, omer lllL3:1i 1c1rus. L~i.i t5-3'kery I.tre~ tlread;1 :::!' .toj 
Ii3y 1.31 1La'.'SlllilBr .2.25 
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Appendix VI.2 - Other sources of information for odour regulation 
APPENDIX Vl.2 
Other sources of information for odour regulation 
Guidance 
The EA, SEP A and Defra have published a number of documents which aim to aid the 
regulatory process for applicants. This consists of generic or overarching documents. 
Planning 
• Planning Policy Statement (PPS 10) Planning for Sustainable Waste 
Management (Communities and Local Government, 2005) 
• Planning Policy Statement (PPS23) Planning for Pollution Control 
• Defra (2010) Odour Guidance for Local Authorities (Communities and local 
Government, 2004) 
This guidance is primarily aimed at Environmental Health Practitioners (EHP) although 
it provides useful information for local authorities, regulators and industry. 
Pollution Control 
• Environment Agency (2010) Horizontal Guidance Note HI - Environmental risk 
assessment for permits. 
The HI guidance aims to guide applicants assess the risks to the environment and 
human health under the Environmental Permitting Regulations. This includes an 
assessment of odour risks in 'annex a' Table 1. 
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Appendix VI.2 - Other sources of information for odour regulation 
Best Available Techniques (BAT) framework of IPPC. The guidance is aimed primarily 
at the regulators although it maybe of use to applicants and consultees. 
Note: at the time of writing the Environment Agency were in the process of revising the 
H4 guidance. 
• SEP A (2010) Odour Guidance 
• AEA (2008) Health Impacts of Odour (AEA Reports on behalf of SEP A) 
Task 1: Assessment of Health Effects of Odorous Substances. AEAlED43076 
Task 2: Pollution Control- Minimising the Health Effect of Odour. AEAlED43076 
Activity specific guidance 
There are also several other documents which are not specifically on the subject of 
odour but do include sections on odour in relation to specific industrial sectors etc: 
• BAT Reference (BREFs) documents published by the European Commission: 
http://eippcb.jrc.ec.europa.eu/reference 
• PPC Technical Guidance Note Series (PPC Part A sector specific), issued by the 
Environment Agency, SEP A and Northern Ireland Environment Agency: 
www.sepa.org.uk!air/pollution prevention control/uk technical guidance.aspx 
• Sector guidance notes (for England and Wales Part A2 activitiesI4), issued by 
Defra: 
www.defra.gov.uk!environment/ppc/localauthlpubs/guidance/notes/sgnotes/index.htm 
• Process Guidance Notes (PPC Part B sector specific): 
www.defra.gov.uk!environment/ppc/localauthlpubs/guidance/notes/pgnotes/index.htm 
• Standard Farming Installation Rules (for PPC Intensive Agriculture installations 
in Scotland), issued by SEP A: 
www.sepa.org.uk!air/pollution prevention control/intensive agriculture.aspx 
• Defra (2006) Code of Practice on Odour Nuisance from Sewage Treatment 
Works 
The Water Services etc Act (Scotland) 2005 allowed Scottish Ministers to make a new 
order containing a Code of Practice for the purposes of assessing, controlling and 
minimising sewerage nuisance. The Code of Practice relates to odour releases from 
Waste Water Treatment Plants (WWTPs) which would be handled by the local authority 
under statutory nuisance powers. This Code of Practice does not have statutory status in 
relation to the small number of WWTP activities regulated by SEP A under the WML 
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and PPC regimes; however it does provide useful information and assessment tools. The 
Code of Practice is publicaUy available at: 
www.scotland.gov.uk/Publications/2006104/20 140331/0 
• Defra (2009) Good Practice and Regulatory Guidance on Composting and 
Odour Control for Local Authorities 
This guidance document is primarily for Local Authorities. Its purpose is to provide 
clear guidance on the regulation process. Although this guide is not statutory, it 
provides information on best practice techniques for the control of compo sting odours 
and the proactive and reactive assessment of nuisance odour from composting. 
Available at: 
http://www .defra. gov. uk/environment/quality/noise/researchldocumentsl composting-
odour-guidance. pdf 
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APPENDIX VI.3 
Odour Advice for Consultation Responses 
As stated in Chapter 6, The legislative and regulatory control of odours, the HP A are 
frequently required to comment on applications for environmental pennits. The role of 
the HP A in the pennitting process is to assess the application from a public health 
perspective and this includes impacts caused by odour. In order to aid staff responsible 
for making the assessments a document entitled 'Odour Advice for Consultation 
Responses' has been developed. The document is based on Environment Agency (EA) 
guidance in relation to the pennitting of odorous activities How to comply with your 
Environmental Pennit (Environment Agency, 2011 b) and is specifically aimed at health 
practitioners in the HP A. The odour advice document aims to streamline and 
standardise the responses given by CRCE and aid the EA in their detennination of the 
application. The document is therefore an ilnportant tool for the Agencies working 
together in the Environmental Permitting process. 
A copy of the Odour Advice for Consultation Responses is included below. 
Odour Advice for Consultation Responses 
For Environmental Permit (EP) applications 
The following are activities where odour can frequently be a problem. The operators of 
such sites must submit an odour management plan (OMP) unless otherwise agreed, in 
writing, by the Environment Agency. For bespoke permits the OMP should be 
submitted with the application. Applications for standard permits do not need to submit 
an OMP although the EA may look at it during inspections or if an odour problem 
arises. Activities that are not on the list but are known to have an odour problem should 
also have an odour management plan. 
Waste activities 
- Landfilling of biodegradable waste 
- Composting in open windrows (available as standard rules) 
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- Composting in vessels (available as standard rules) 
- Mechanical biological treatment (available as standard rules) 
- Sewage sludge treatment (available as standard rules) 
- Clinical waste treatment (available as standard rules) 
- Animal carcass incineration (available as standard rules) 
- Pet cemetery (available as standard rules) 
- Mobile plant for: landspreading, the treatment of land for land reclamation, restoration 
or improvement and landspreading of sewage sludge (available as standard rules) 
- Mobile plant for the treatment of waste soils and contaminated material, substances 
or products (available as standard rules) 
- Anaerobic digestion (available as standard rules) 
Chemicals 
- Manufacture, use or recovery of compounds containing sulphur, ammonia, amines 
and amides, aromatic compounds, styrene, pyridine. and esters 
Treatment of Animal and Vegetable Matter and Food Industries 
- Abattoirs and Renderers 
- Food production involving any form of cooking or heating and brewing 
Other 
- Refineries 
- Distilling or heating tar or bitumen 
For those activities which require an OMP we would expect that the Environment 
Agency considers whether the plan adequately identifies how the applicant will prevent 
or minimise the generation of odour. It is important to recognise that odours can cause 
public annoyance and concern particularly for perceived and potential health and 
operators should have appropriate complaints procedures in place which will ensure 
investigation, and if necessary remediation, of justified complaints including odour 
issues. 
For information: 
Substances that are perceived as odorous are usually present at levels below which 
there is a direct toxic effect, however, odours can cause annoyance amongst the 
population and indirect health effects may occur due to the stress and anxiety caused 
by this annoyance. 
For acute and chronic odour incidents/issues 
For acute and/or chronic odour incidents/issues please refer to the Odour Complaints 
Checklist http://www.hpa.org.uk/web/HPAwebFile/HPAweb C/1256639817998 and 
your comments, suggestions on its applicability for the particular issue that you are 
dealing with would be greatly appreciated. 
CRCE, January 2011 
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